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Abstract 

In this thesis, novel ion sensors for cation sensing are presented. The sensors are based on 

fluoroionophores, which change their fluorescence intensity through analyte interactions 

due to the photo-induced electron transfer (PET). Such indicators consist of a receptor 

unit and a chromophore core, whereas the receptor acts as a host for target cations and the 

chromophore converts the information into measurable optical properties. Since both 

building blocks can be modified independently, this concept represents a modular strategy 

for the design of new ion sensors. Via immobilization of the indicators in water swellable 

polymers continuous and time-resolved measurements are systematically achieved.  

In the first part a K+-selective fluoroionophore is used to investigate the influence of the 

polymer matrix on the sensing properties. The effects of polymer nature on the sensing 

characteristics like stability, sensitivity, fluorescence brightness and response time are 

investigated. A drastic increase in sensitivity upon addition of negatively-charged aliphatic 

sulfonates within the sensing layer (Kd 3 mM) is achieved. Modification of a commercially 

available polyurethane hydrogel with sulfonate groups enables preparation of stable 

sensors with improved binding ability (Kd 11.1 mM). 

The second part describes a new sensing strategy for amines using a NH4
+-selective 

fluoroionophore, fluorescein and an inorganic phosphor-reference is presented. The 

combination of both indicators enables the quantification of NH3 and the determination 

of substituted amines. Comparison of spectral measurements with kinetic measurements 

revealed an accuracy of 94.3±5.4 % for fluorescein and 98.1±1.2 % for the fluoroionophore. 

The third part is focused on the application of ion sensors for whole blood measurements. 

The center of attention for this work was on tackling the challenges for applying ion sensors 

for diagnostic applications. An improved DLR sensing system using fluoroionophores and 

phosphorescent reference particles is developed. 

The last part contains the synthesis of new calcium indicators using BODIPY fluorophores. 

This study is mainly dedicated to the challenges of the behavior of charged 

fluoroionophores in solvents for Ca2+ sensing. Five new calcium fluoroionophores were 

successfully synthesized in their protected ester forms and their photophysical properties 

were analytically characterized. The behavior of the fluoroionophores was intensively 

studied in respect to their dependency of pH and the amount of organic solvent used for 

measurements. 
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Kurzfassung 

Im Rahmen dieser Arbeit werden neuartige Sensoren für Kationenmessungen präsentiert. 

Diese Sensoren bestehen aus sogenannten Fluoroionophore, welche ihre 

Fluoreszenzintensität aufgrund des Photoinduzierten Elektronen Transfers (PET) ändern. 

Solche Indikatoren bestehen aus einem Rezeptorteil und einem Farbstoffgrundgerüst, 

wobei der Rezeptorbaustein als Komplexierungseinheit für Kationen dient und der 

Farbstoff die Information als optische Eigenschaft wiedergibt. Dieses Sensorkonzept 

repräsentiert ein modulares System für die Entwicklung von Ionensensoren, da die beiden 

Bausteine (Rezeptor und Farbstoff) unabhängig voneinander synthetisiert und modifiziert 

werden können. Durch die gezielte Immobilisierung der Indikatoren in wasser-quellbare 

Polymere, sind zeitaufgelöste und kontinuierliche Messungen von Ionen möglich. 

Im ersten Teil der Dissertation wird ein K+ sensitives Fluoroionophor verwendet, um die 

Eigenschaften in verschiedenen Polymermatrizen zu untersuchen. Diese Studie verbindet 

die Polymerstruktur mit den Sensoreigenschaften wie zum Beispiel Stabilität, Sensitivität 

und Fluoreszenz-Helligkeit. Die Verwendung von negativen geladenen, aliphatischen 

Zusatzstoffen resultiert in einer deutlichen Absenkung der Dissoziationskonstante (Kd 

3 mM). Die Anbringung von Sulfonatgruppen in einem Hydrogel resultiert in stabilen, 

reversiblen Sensoren mit verbesserten Bindungsstabilitäten (Kd 11,1 mM). 

Der zweite Teil beschreibt eine Messtechnik für Amine unter der Verwendung eines NH4
+-

selektiven Fluoroionophores, Fluoreszein und einer Referenz (anorganischer Phosphor). 

Die Kombination beider Indikatoren ermöglicht die Quantifizierung von NH3 sowie die 

Detektion von substituierten Aminen, mit einer Genauigkeit von 94.3 ± 5.4 % für das 

Fluoroionophore und für 98.1 ± 1.2 % Fluoreszein.  

Der dritte Teil konzentriert sich auf die Applikation von Ionensensoren für die 

Blutanalytik. Das Hauptaugenmerk besteht darin, die Sensoren in Bezug auf ihre 

Sensitivität zu verbessern und ein Sensorsystem zu entwickeln welches für die 

medizinische Diagnostik verwendet werden kann. Ein DLR Sensorsystem mit 

immobilisiertem Fluoroionophor und einer Referenz wurde entwickelt und untersucht. 

Der letzte Teil befasst sich mit der Synthese von Calcium Indikatoren. Es wurden fünf 

verschiedene Fluoroionophore hergestellt und auf ihre photophysikalischen 

Eigenschaften untersucht. Zusätzlich wurde das Verhalten in Lösung und die Abhängigkeit 

des pH-Wertes überprüft. 
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1. Scope and Outline of the Thesis 

It is not a surprise that one of the main targets of sensor development focuses on ions, 

because of the ecological and physiological relevance of metal cations such as potassium 

(K+), sodium (Na+) and calcium (Ca2+). Although ion selective electrodes (ISEs) and 

potentiometric sensors are well developed, fluorescent sensors provide various advantages 

related to multi-analyte sensing, miniaturization and their cost-effectiveness. Such sensors 

enable real-time imaging, which is one of the most important objectives in biomedical 

research. Several fluorescent indicators for cation sensing are reported in literature, but 

most of them lack in their performance as solid-state sensors and are not really applicable 

for industry or medical purposes. The majority of those indicators only represent probes 

and will never find their way to a practically orientated application. The goal of this thesis 

was the synthesis of new indicator dyes for cations and to further develop already existing 

sensor strategies, based on fluoroionophores. This thesis is written as cumulative work, 

whereas Chapter 3 is already published and Chapter 5 is prepared for submission to a 

peer-reviewed journal. Additionally, Chapter 4 and Chapter 6 provide fundamental 

research in sensor development for cation sensing and present a future prospect for follow 

up work. Chapter 2 provides the necessary theoretical background about host guest 

chemistry, the importance of ions, luminescence and optical chemical sensors.  

Chapter 3 (p. 37) presents the effects and influence of polymer nature on the sensing 

properties of a K+ fluoroionophore, like stability, sensitivity, fluorescence brightness and 

response time. This study demonstrates the fundamental role of the polymer matrix on 

characteristics of the solid-state optical potassium sensors and provides the guidelines for 

the general design of ion sensors with improved characteristics. This research allows better 

understanding how the structure of the polymer affects the sensing properties of the 

resulting materials.  

Chapter 4 (p.69) is focused on the application of ion sensors for whole blood 

measurements. The center of attention for this work was on tackling the challenges for 

applying ion sensors for medical diagnostic applications. An improved DLR sensing 

system using fluoroionophores and phosphorescent reference particles is developed. 

Chapter 5 (p.109) describes a new sensing strategy for amines using a NH4
+ selective 

fluoroionophore, fluorescein and a phosphor-reference is presented. The combination of 



2. Theoretical Background 

4                                                               Synthesis of Fluoroionophores and its Application for Optical Sensors 

both indicators enables quantification of NH3 and determination of substituted amines. 

This concept offers several new pathways for future amine sensing systems and might be 

a valuable tool for environmental applications and biotechnology.   

Chapter 6 (p.125) contains the synthesis of new calcium indicators using BODIPY 

fluorophores.  This study is mainly dedicated to the challenges of the behavior of charged 

fluoroionophores in solvents for calcium sensing. Five new calcium fluoroionophores were 

successfully synthesized in their protected ester forms and their photophysical properties 

were systematically characterized. The behavior of the fluoroionophores was intensively 

studied in respect to their dependency of pH and the amount of organic solvent used for 

measurements. 
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2. Theoretical background  

2.1. Physiological Role of Ions in the human body 

The human body requires a huge variety of ions, or electrolytes, which accomplish a 

diversity of functions. Some of them are needed for the transmission of electrical impulses 

along muscles, neurons and cell membranes.1,2 Others assist in the stabilization of protein 

structures in enzymes.3,4 Several others, are responsible for hormone release from 

endocrine glands.5 Ions found in the plasma are mostly connected and contributed to the 

osmotic balance6, controlling the transfer and movement of water between the human cells 

and their surrounding environment. The most important electrolytes for living systems 

include potassium, sodium, calcium, bicarbonate, chloride and phosphate. 

These above-mentioned ions help in nerve excitability, membrane permeability, buffering 

body fluids, endocrine secretion and the transfer of fluids between different 

compartments.7 All of these ions are taken up by the body via the digestive tract. Over 90% 

of the phosphate and calcium taken up by the body is incorporated into teeth and bones, 

whereas the bones serve as a backup and reserve for these ion species. For example, in case 

of calcium or phosphate shortage, bone tissues metabolism can be broken down to serve 

as a supply for blood or other tissues using these ions. A fundamental component of nucleic 

acids is phosphate; hence, concentration levels of phosphate increase every time nucleic 

acids are broken down by the human body.7,8 In Figure 2-1 an overview is given about the 

importance and function of the most relevant ions in the human body.  

 



2. Theoretical Background 

6                                                               Synthesis of Fluoroionophores and its Application for Optical Sensors 

 

Figure 2-1: Most important ions for the human body with their main functions. 

 

Excretion of ions mainly occurs across kidneys, and in smaller amounts by loss of sweat 

and feces.9–11 In case of excessive sweating, a significant loss of sodium and chloride is 

caused. Diarrhea or vomiting may cause the loss of bicarbonate and chloride ions, whereas 

renal function and respiratory adjustments regulate the levels of these ions in the 

extracellular fluids (ECFs).12  

In Table 2-1 the concentration values of the six most important ions in plasma, 

cerebrospinal fluid (CSF) and urine, for the human body are shown. In typical clinical 

routine based analysis, sodium, potassium and chloride is analyzed via urine samples.13 
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Phosphate and calcium analysis requires a collection of urine samples over a period of 

24 hours, because the excretion of those ions varies over the day.14 The only ion which is 

typically not excreted in urine is bicarbonate, because it is stored in kidneys, serving as a 

storage for the body`s buffering system. 

Table 2-1: Normal concentrations of ions in the human body in plasma, urine and cerebrospinal fluid (CSF).15 

Ion  

name 

Chemical 

symbol 

Plasma CSF Urine 

sodium Na+ 136 - 146             

[mM] 

138.0             

[mM] 

40.0 - 220.0  
[mM] 

potassium K+ 3.5 - 5.0          
[mM] 

0.35-3.50         

[mM] 

25.0 - 125.0    

[mM] 

chloride Cl- 98 - 107          

[mM] 

118.0 - 132.0   

[mM] 

110.0 - 250.0 

[mM] 

bicarbonate HCO3- 22.0 - 29.0     

[mM] 

  

calcium Ca2+ 2.15 - 2.55 

[mM/day] 

 Up to 7.49 

[mM/day] 

phosphate HPO42- 0.81 - 1.45 

[mM/day] 

 12.90 - 42.00 

[mM/day] 

 

2.1.1. Sodium 

Sodium, Na+, is the dominating cation in the extracellular fluid (ECF). Sodium is 

responsible for the osmotic pressure gradient between cells of the human body and the 

surrounding environment. Nutrition of typical Western diet contains high NaCl, which 

cause an uptake of 130 to 160 mM/day of sodium.16 But the human requirements on 

sodium is only 1 to 2 mM/day. Due to this excess, sodium is the main trigger causing 

hypertension (high blood pressure).17 Excretion of sodium is primary accomplished by 

kidneys, where the glomerular capillaries filter sodium in the Bowman’s capsule. Much of 

the filtered sodium is reabsorbed by the proximal convoluted tubule, nevertheless some 

sodium remains in the filtrate and gets excreted by urine (Figure 2-2).18 
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Figure 2-2: Location of kidneys in the human body with the connection to urinary bladder, for excess ion 
excretion. Additionally, the function of the Bowman`s capsule is illustrated. Within these compartments, ion 
exchange from blood to urine takes place. 

Hyponatremia19 is caused by a low sodium concentration, typically connected with excess 

water accumulation, which causes a dilution of sodium. Hyponatremia can result from 

several conditions like diarrhea, excessive sweating, vomiting, intake of diuretics, diabetes 

and acidosis.  

Hypernatremia20 is a higher-than-normal concentration of sodium. It results from water 

loss of the blood. Hypernatremia results in a hemoconcentration of all constituents in the 

blood.  

2.1.2. Potassium 

Potassium, K+, is the main cation for intracellular functions. It supports membrane 

potentials in muscles and neurons. 98% of the total body potassium in located in 

intracellular compartments, while 2% remain in the extracellular compartment. The ratio 

between extra- and intracellular potassium determines the resting membrane potential 

and has a pivotal role for normal functioning cells.21 Low potassium levels result from 

sodium-potassium pumps in cell membranes. These membranes typically maintain the 

normal gradients between extracellular fluids (ECF) and intracellular fluids (ICF).7 The 

recommended daily consumption of potassium is 4770 mg.16 Similar to sodium, potassium 

is excreted by renal tubules; any disturbance can either cause Hypokalemia or 

Hyperkalemia. 
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 Hypokalemia22 is caused by low potassium blood levels. Similar to Hyponatremia the 

reduction of the ion concentration can occur due to decreased intake, often related to 

starvation, vomiting, diarrhea or alkalosis.  

Hyperkalemia23 describes elevated potassium blood levels and can affect functions of the 

nervous system, the heart and skeletal muscles. It results from an increased dietary intake, 

which leads in a high extracellular fluid concentration (ECF). This effect influences the 

skeletal muscle fibers, cardiac cells of the heart and neurons. This depolarization of the 

plasma effects the heart that it will not relax again after contraction and stop pumping 

blood, with fatal effects within minutes. Since Hyperkalemia also disturbs the nervous 

system, mental confusion, weakened respiratory muscles and numbness appear. 

2.1.3. Chloride 

The predominant extracellular anion is chloride, Cl-. It serves as the main contributor to 

the human osmotic pressure gradient between ECF and ICF, and is responsible to uphold 

proper hydration.24 Chloride maintains electrical neutrality of the ECF, and the paths of 

secretion and excretion follow the paths of sodium and potassium ions. Lower-than-

normal blood chloride levels are called Hypochloremia25, and can occur from vomiting, 

metabolic acidosis and diarrhea. It occurs because of defective renal tubular absorption. 

Hyperchloremia26, higher-than-normal blood chloride concentrations, occur because of 

dehydration, excessive NaCl uptake (e.g. drinking seawater), congestive heart failure, 

cystic fibrosis or chronic heart disease.   

2.1.4. Bicarbonate 

The second most relevant anion in the blood is bicarbonate, HCO3
-. It`s main function is 

to control the body`s acid-base balance, which is representing the buffer system of your 

body. Bicarbonate ions are formed by a chemical reaction, starting with carbon dioxide 

(CO2) and water (H2O). These two molecules appear at the end of the aerobic metabolism. 

Only small amounts of carbon dioxide can be dissolved in human body fluids, but over 

90% of it is converted to bicarbonate.27  

 

CO2 is produced in tissues that reveal high metabolic rates. In the cytoplasm, red blood 

cells convert the CO2 in bicarbonate via an enzyme called carbonic anhydrase. The 
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produced bicarbonate is then transported via blood to the lung, where the reverse reaction 

takes place, and CO2 can be exhaled as metabolic waste.28 

2.1.5. Calcium 

Calcium, Ca2+, constitutes 1.5 to 2% human body mass. Calcium provides hardness of the 

bones and serves as a reserve for the rest of the tissue. A bit over 50% of the blood calcium 

is bound to proteins, whereas the rest is abundant in its ionized form. The function of 

calcium in our body stretches from muscle contraction, to blood coagulation and enzyme 

activity. Another very important function is, that calcium stabilizes cell membranes and is 

responsible for releasing hormones from glands and neurotransmitters from neurons. 

Providing a suitable supply of calcium is essential during pregnancy and child growth. An 

adequate nutrition can prevent osteoporosis in older people. Since calcium is absorbed by 

the intestine with the help of vitamin D, a depletion of vitamin D leads to a decrease of 

calcium stores and blood levels. Low calcium levels are called Hypocalcemia. 

Hypercalcemia instead, occur with high calcium levels causing hyperparathyroidism. 

 

2.1.6. Phosphate 

Phosphate appears in the human body in three different ionic forms, H2PO4
−, HPO4

2-, and 

PO4
3−; and about 85% in form of calcium salts. Furthermore, it is found in phospholipids, 

cell membranes, ATP, nucleotides and buffers. Hypophosphatemia29, low blood levels of 

phosphate, cause antacids during alcohol deprivation and malnourishment. Kidneys 

usually conserve phosphate, but starvation can impair this preservation. 

Hyperphoshatemia30, high levels of phosphate in the blood, occur with decreasing renal 

function and acute lymphocytic leukemia. Since this ion is a fundamental component in 

the ICF, any damage of cells results in discarding phosphate in the ECF. 

Within this thesis, receptors and optical ion sensors for cations where developed. With this 

research, reliable measurements for potassium are accomplished, Chapter 3. Further 

research on the application of ion sensors for blood analysis is given in Chapter 4. 

Furthermore, several indicators for calcium sensing where synthesized in Chapter 5. This 

research gives an insight in the necessities for the application of optical ion sensors for 

blood diagnostics. 
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2.1.7. Magnesium 

Magnesium ions, Mg2+, is an abundant mineral in the human body and mainly found in 

bones, similar like Ca2+. Magnesium is one of the most important cofactors and more than 

300 enzymes connected to magnesium regulate various biochemical functions in humans. 

Those functions include, protein synthesis, nerve and muscle function, blood-glucose 

control and it is responsible for blood pressure regulation.31,32 Furthermore, it is involved 

in energy production, glycolysis and oxidative phosphorylation. Additionally, Mg2+ 

controls the active transport of potassium and calcium in membranes, to name only a few 

functions of this important ion.31  

Only 1% of the magnesium in our body is found in blood serum., whereas the levels are 

controlled between 0.75 and 0.95 mM.33,34 Hypomagnesemia occurs if a serum 

magnesium level lower than 0.75 mM is measured, whereas Hypermagnesemia if the 

concentration is above 0.95 mM.35 Homeostasis is mainly controlled by kidney and in 

average 120 mg Mg2+ is excreted each day into the urine.36 In Hypermagnesemia 

symptoms like confusion, decreased breathing rate and reflexes, weakness and in the worst 

case cardiac arrythmia occurs. Nevertheless, if the concentration is too high or too low in 

our body, all the functions listed above might be influenced, since Mg2+ plays such an 

important role in our body.37 
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2.2. Host Guest Chemistry 

Application of fluoroionophores in optical ion sensors enables the utilization of a wide 

variability of receptors. The receptor represents the key component in ion sensing, which 

is well known described by the field of host-guest chemistry.38–40 This discipline focuses 

on noncovalent binding events between two molecules or a molecule and ions, which are 

held together. The binding force is dependent on the structure and nature of both 

components.41 The progress of the last decades has led to the nowadays well-known 

concept of molecular recognition. Today, this concept is positively employed in electronic 

devices, environmental analysis, sensors, medicine, functional materials and catalysis.42 

The receptor is generally a molecule organic nature and has binding sites, often called 

cavity. The analyte or guest is the component which interacts or fits adequately in this 

cavity. This feature is important, since the guest interacts noncovalent with the host. Most 

hosts used as receptors for sensing are designed structurally in a certain way that they 

interact specifically to one specific guest molecule, which is in general a simple compound. 

Since the pioneering innovations in the host guest chemistry, a vast array of host molecules 

has been developed. Especially ion sensing was dominated by crown ethers43, 

cyclodextrines44, cyclophanes45, calixarenes46,47 pillararenes48 and cucurbiturils49 (Figure 

2-3). 

 

Figure 2-3: Examples of host molecules. a) crown ether b) calixarene c) cyclodextrin. 

Since the complexation of target analytes is achieved via a non-covalent binding between 

the host and the guest, other interactions are needed to arrange a complex of high stability. 

On the one hand, such interactions can be coulomb interactions, if the guest has an ionic 
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nature. On the other hand, Van-der-Waals forces are necessary, for non-charged targets. 

Additionally, to all those interactions the solvophobic force plays a role. It describes the 

complexation between a host and a guest regarding the entropy and enthalpy. Target 

analytes are usually surrounded by molecules, meaning they are solvated. With the aim, to 

get complexed in the host, the analyte must get rid of those solvent molecules. Since this 

force is overwhelmed, the entropy ∆S0 is increased, which supplies the free Gibbs energy. 

This energy is most effective in aqueous solutions. Therefore, host-guest complexation is 

usually lowered in polar solvents since the analytes are stronger solvated.50 

The stability of the complex is given as the stability constant (Ks), which describes the 

equilibrium between the receptor (host, H) and the analyte (guest, G), to form a complex 

(HG) (Equation 2-1). 

𝐻 + 𝐺 ↔ 𝐻𝐺              𝐾𝑠 =
[𝐻𝐺]𝑒𝑞

[𝐻]𝑒𝑞+[𝐺]𝑒𝑞
 

In order to evaluate the binding constant, quantitative analysis of the complex formation 

is necessary. The easiest way to determine the stability constant (Ks) is done via titration 

of the guest with the host, or vice versa. Via concentration measurements of the complexed 

or uncomplexed molecules, the Ks can be determined. Furthermore, such experiments give 

suggestions about the binding stoichiometry. Several different techniques are known, 

whereas the measurement via NMR51, UV-VIS52, mass spectrometry53 and of course 

electrochemical conductivity and their potential54 are the most prominent ones.  

Complexation of analytes is always connected to energy changes, and therefore the 

temperature is affected. Because of that, the enthalpy and the Ks of the complexation event 

can be determined with the use of a caliorimeter.55   

Binding constants are key parameters for the determination of ions in blood, and were 

intensively studied in Chapter 3, a study on the influence of sensing matrices and their 

properties. 

2.2.1. Receptors for ion sensing 

The simplest form of hosts are termed podands and were invented by Vögtle and Weber56. 

Podands are neutral acyclic hosts which possess flexible binding sites, whereas the 

simplest forms are analogues of crown ethers. Penta ethylene glycol dimethyl ether or its 

diol are analogous to [18]-crown-6 (Figure 2-4). Podands in general exhibit a low cation 

affinity due to unfavorable entropic and enthalpic effects. Nevertheless, such hosts are able 

Equation 2-1 
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to adopt wrapping conformations similar to crown ethers, if a suitable cation is present. 

Because of their neutral character and the aliphatic chains contribute to the lipophilicity 

of membranes like PVC, they possess a high membrane transport ability. An example of a 

Ca2+ podand carrier based on polar amide groups which is used as a transmembrane 

ionophore is shown in Figure 2-4. 

 

Figure 2-4: Penta ethylene glycol dimethyl ether (a) and its diol (b). Ca2+ ionophore used as a carrier in 
membranes (c). 

From all known cyclic receptors, crown ethers represent the easiest form of hosts.57 The 

structure of crown ethers typically has a repeating oxyethylene unit, which is connected in 

form of a ring. The ethylene groups have a hydrophobic, and the oxygen groups a 

hydrophilic character. Therefore, crown ethers behave like a fat droplet, in aqueous media 

and like a water droplet, in a lipophilic media (oil). The high hydrophilicity of the cavity 

fits perfectly for alkali cations, whereas depending on the number of repeating units (size 

of the crown), different ions can be complexed.58 During complexation of alkali ions, the 

oxygen atom are donating electron density to the electron deficient alkali cations. Over the 

last decades a huge variety of crown ethers has been developed.59–62 They do not just differ 

in their size, but also in their substitution pattern, where for example an oxygen atom is 

replaced by nitrogen or sulphur atoms. Those donor-heteroatoms enable the development 

of various new host molecules which can be seen in Figure 2-5. 
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Figure 2-5: Examples of a) crown-ether b) aza-crown-ether c) cryptant d) (methoxyethoxyphenyl)aza-crown-
ether. 

The invention of aza-crown-ethers enabled the synthesis of three-dimensional complexing 

agents. Cryptands reveal better binding constants due to the additional oxyethylene units 

which are connected to the nitrogen of the crown ether, yielding in a bicyclic ligand. Lariat 

ethers can be seen as a blend of a crown ether and a cryptand, with an enhanced binding 

affinity compared to typical crown ethers. Due to the flexibility of the attached side arm, 

complexation is still fast, with additional electron donor to the macro ring for better ion 

complexation. 

The development of hosts for polyvalent cations, like calcium, is by far more difficult since 

electronic densities of uncharged hosts do not supply sufficient attraction force. Therefore, 

almost all receptors for double charged cations have an open chain like structure, with 

charged moieties. The first reported receptor for calcium was published by Tsien.63 The 

working group synthesized a EGTA (Ethylene glycol-bis(2-aminoethylether)-N,N,N,N-

tertaacetic acid) derivative, which is known for selective complexation of calcium ions. The 

synthesized derivatives are shown in Figure 2-6 and revealed a sensitivity in the µM range 

with good selectivity over other divalent ions. Tsien et al. set the starting point for the 

development of new receptors for calcium complexation events, and since then various 

indicators have been developed.64–70 
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Figure 2-6: Structure of EGTA a) and the developed derivatives, b) and c) by Tsien and coworkers.63 

For the determination of calcium in blood the sensitivity of 1,2-bis(o-

aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid (BAPTA) is not suitable, since it is in the 

µM range. N-phenyliminodiethoxyacetic acid (PIDA, Figure 2-7) on the other hand 

shows sensitivities in the mM range, and is therefore more applicable for measurements 

in whole blood. He et al.64 synthesized a derivative of the receptor, mentioned beforehand. 

In aqueous solution, this receptor showed a dissociation constant in the range for blood 

measurements and Kd in the range of 0.3 to 2.2 mM was measured. The synthesized 

receptor is shown in Figure 2-7. It represents a perfect candidate for optical sensing, since 

it fulfills certain criteria. It contains a tertiary nitrogen, which performs as electron 

donating group during interaction with calcium (section 2.6.1). The receptor and the 

corresponding indicator should not be sensitive to any pH changes, to minimize any 

undesired pH interferences, and the receptor should be insensitive to other cations.  

 

Figure 2-7: a) N-phenyliminodiethoxyacetic acid receptor for selective calcium complexation. b) 
fluoroionophore derivative of a, synthesized by He et al..64 
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2.2.2. Fitting Concept 

In host guest chemistry, the selectivity and sensitivity of the corresponding 

fluoroionophore is triggered by the size and type of the receptor, and moreover by the size 

and type of the cation. This theory is known as the hole-size fitting concept, which 

describes the interaction of a de-solvated cation with size and class of the receptor.41 The 

strength of interaction by the host with the guest is mainly caused by the size of the 

receptor and the cation. In case of optimum fitting, the electronic interactivity can exploit 

its full potential, if not, the interaction is energetically lowered. Therefore, the stability 

constant of the formed complex represent the relationship of the size and type as well as 

the strength of interaction.71 By comparing the diameter of a cation and the size of cavity 

diameters of different crown ethers, it can be easily estimated which receptors should be 

used for a certain ion (Figure 2-8 and Table 2-2). Although such estimations are an easy 

and valuable tool, the specific interaction and electronic interaction cannot be fully 

explained with the fitting concept. Several other factors, influences and features of the host 

and guest are mentionable.72 For example, the possibility that one cation is complexed by 

two receptors revealing a 2:1 binding stoichiometry. This phenomenon can occur if the size 

of host and guest do not match perfectly.73 

From Figure 2-8, it can be seen that the sensitivity towards the cation of interest can be 

easily controlled via selection of the right host. This feature was successfully applied in 

Chapter 4, were sensors for blood measurements were developed. This chapter gives an 

insight how powerful and selective different fluoroionophores can measure ions for blood 

analysis. Additionally, in Chapter 5 an NH3 sensor was developed. It is demonstrated that 

ions of comparable diameter show a cross-sensitivity, but with specific usage of ion 

impermeable membranes, such cross-sensitivities can be overcome and selective 

measurements of NH4
+ is enabled. 

 

Figure 2-8: Crown-ethers for ion complexation. 
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Table 2-2: Size of ions and size of different substituted crown-ethers.57,74 

Cation Diameter [Å]  Crown ether Diameter [Å] 

Li+ 1.36  12-crown-4 1.2 – 1.5 

Na+ 1.90  15-crown-5 1.7 – 2.2 

K+ 2.66  18-crown-6 2.6 – 3.2 

NH4
+ 2.86  18-crown-6 2.6 – 3.2 

Rb+ 2.94  21-crown-7 3.4 – 4.3 
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2.3. Fundamentals of Luminescence 

Almost all optical sensors and sensing mechanisms are based on the concept of 

luminescence. Luminescence includes the excitation process of an electron and a de-

excitation pathway. All possible phenomena are visualized in the Jablonski diagram 

(Figure 2-9). If a molecule absorbs light (energetically suitable wavelength), an electron 

can jump to an energetically higher level. The excited electron is then in the so-called 

excited singlet state (S1). This state forms the basis of various following de-excitation 

pathways. Fluorescence occurs when the excited electron returns back to the ground state 

(S0), via emission of photons. Fluorescence occurs in the nanosecond range, after 

absorption of light. Another effect which may occur is phosphorescence. It is a relaxation 

pathway from an exited triplet state (T1) back to the ground state (S0). During this 

mechanism the electron changes its spin, which is normally forbidden, but due to spin-

orbit coupling it is possible. Due to the reason that intersystem crossing (ISC) is a rather 

slow process, the lifetime of the phosphorescence is between microseconds up to seconds. 

Another phenomenon which is possible is called delayed fluorescence. It describes the 

emission from the excited state (S1) to the ground state (S0) after the electron undergoes 

intersystem crossing (ISC) to the excited triplet state (T1) and reverse intersystem crossing 

(RISC) back to the excited singlet state (S1). Like fluorescence the emission takes place 

from S1. Therefore, the emission spectrum is the same for delayed fluorescence and 

fluorescence. The only difference between those effects can be seen in their lifetimes, since 

delayed fluorescence undergoes two times intersystem crossing. The lifetimes of delayed 

fluorescence are highly varying, depending on temperature, and therefore often used in 

temperature sensing.  
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Figure 2-9: Jablonski diagram, describing the main phenomena, absorption, fluorescence, delayed 
fluorescence and phosphorescence. S0 represents the ground state, S1 the excited singlet state. T1 exemplifies 
the excited triplet state. Intersystem crossing (ISC) describes the transition between excited singlet state S1 and 
the triplet state T1. 

One essential parameter, talking about luminescence, is the luminescence brightness. It 

combines the quantum yield (QY) with the capability of molecules to absorb light (molar 

absorption coefficient). The QY defines how effective molecules emit photons after 

excitation because luminescence participates with non-radiative de-excitation processes. 

If a population of fluorophores is in the excited state, the luminescence lifetime is the 

period it takes for the number of excited molecules to relax 38.2% of the original 

population. The difference between the absorption and emission maxima is called Stokes 

shift. If a molecule interacts with a molecule or with another molecule from the same 

origin, it is called quenching, which can influence any of these quoted properties. All of 

those properties are used for the evolution of optical sensors, since the optical 

characteristics of those parameters can be measured.75,76 

Optical based indicator dyes have gained more and more attention in the last decades. 

Depending on the concentration of the analyte, reversible changes in the luminescent 

properties like emission, lifetime or wavelength are detectable. The utilization of 

fluorescent and phosphorescent indicators is nowadays possible. For example, 

phosphorescent dyes are quenched by oxygen by collision, due to their long lifetime in the 

excited triplet state (T1). Immobilization of such indicators into oxygen permeable 

matrices result in a stable reversible oxygen sensor. Other different interaction processes 
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for fluorescent indicators, also called fluoroionophores, will be discussed in the next 

sections.77 

2.4. Chemical Sensors 

Chemical sensors are analytical instruments which are able to deliver on-line information 

of a specific analyte in a sample. Typically, a chemical sensor is based on a receptor 

(recognition unit) and a transducer unit. The receptor, specifically reacts or interacts 

to/with the analyte of choice. The transducer converts the gathered chemical information 

into either an optical or electrical signal. In the last decades, there has been an expanding 

interest and progress in the development and improvement of chemical sensors. Such 

devices, enable continuous reversible sensing of multiple analytes, in applications like 

environmental monitoring, industrial processes or medicine. Therefore, chemical sensors 

are of huge interest.78 

An ideal chemical sensor should accomplish a number of criteria: 

• Response to changes of concentration must be reversible and fast 

• The gathered information must be transduced to a measurable signal 

• Response towards the analyte of interest has to be selective and sensitive 

• The sensor should be stable during measurements and show a good shelf life 

• The device should be small and low-cost  

• The fabrication of the sensor should be simple and reproducible 

• The utilization of the chemical senor should be user-friendly 

Typically, analytical chemistry includes the collection and selection of a sample, transport 

and the analysis in a research laboratory or test site. Such routine-based analysis is time 

intensive, expensive and requires trained personnel. The advantage of chemical sensors is 

that such devices can be transported right to the sample and field. This procedure enables 

immediate measurements of the analyte of interest. The use of a chemical sensor can 

prevent tedious sample preparation, enabling on-line and in-line monitoring. These 

features enable more control in industrial processes and environmental monitoring. Those 

benefits have led to a growing demand for chemical sensors in the last decades. Sensors in 

general, have a huge variety of measurement principles and are normally classified by the 

corresponding transduction method.  
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This thesis focusses on the development of optical sensors, which is dedicated to synthesis 

of fluoroionophores and their application in optical sensors for ions, as well as the 

characterization of new materials for optical ion sensing.  An overview of other methods 

for ion sensing will additionally cover electrochemical sensors, since they represent the 

state-of-the-art technology for ion sensors. 

 

2.5. Types of Ion Sensors 

2.5.1. Ion Selective Electrodes (ISE) 

Apart from all categories of ion sensors, the ion selective electrode is the most common 

used potentiometric sensor. The high effort in instrumental equipment is shown in Figure 

2-10. Beside the selective electrode, a device for potential measurements and a reference 

electrode with a known potential is required.  

The selective electrode interacts specifically with the cation, resulting in a potential 

difference within the membrane. A reference electrode is necessarily needed, for 

evaluating the potential difference between the electrodes. The ratio of the reference and 

the membrane potential yields in a net potential, which is proportional to the cation 

activity. With the use of the Nernst equation a connection of the electrode potential and 

the ion activity can be made (Equation 2-2).79,80 

𝑬 = 𝑬𝟎 −
𝑹∗𝑻

𝒏∗𝑭
∗ 𝐥𝐧 (𝒂𝒊) 

 

For selective potential measurements, the membrane is the key part for ion selective 

electrodes. The selectivity of the electrode can be controlled via selection of different 

membranes, which are specific for different analytes. Three main varieties of membranes 

exist, the crystallin, the liquid (Figure 2-10) and the glass membrane.81 

Equation 2-2 
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Figure 2-10: Working principle of ion selective electrodes (ISE). An Ag/AgCl reference electrode supplies a 
constant potential, whereas in this case a liquid membrane changes the potential depending on the activity of 
a specific target ion. Selectivity of the electrode can be controlled via the choice of ionophores used in the PVC 
membrane. 

2.5.2. Ionophore Based Optical Sensors (IBOS) 

Similar to the working principle of the ISE, the ionophore based optical sensors use a solid 

liquid phase membrane. This membrane, in most cases a PVC/DOS barrier, consists of 

incorporated ionophores, which enable a reversible and selective binding as well as the 

transport of the corresponding ion. Different to the ion selective electrode, the IBOS signal 

change is not induced due to the potential difference between the inner and outer sample 

solution. Concentration change is linked to a change in concentration within the PVC/DOS 

matrix (Figure 2-11). Molecular recognition is achieved with the use of ionophores, 

whereas an optical signal is generated with the usage of pH indicators. In order to obtain 

a stable sensing device, those indicators typically consist of lipophilic side chains, to 

prevent any leaching in the water phase. Binding of any target analytes is followed by an 

ion exchange or co-extraction. This feature is required, since electro-neutrality has to be 

ensured within the membrane. As a result of the ion exchange, the degree of protonation 

of the pH sensitive indicator is changed, leading to an optical signal depending on the 

current concentration. Therefore, the pH indicator acts as a transducer within the matrix 

leading to a change in absorption or fluorescence.82 
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Figure 2-11: Principle of IBOS for ion sensing. The PVC sensing membrane is capable for extraction of ions with 
the use of anionic surfactants. The selective ionophores bind the target ions and promote a proton release to 
maintain charge neutrality. Since a pH indicator is used for sensing, and internal pH value is changed, e.g. 
fluorescence can be measured to determine the cation concentration in the sample. 

Several different sensing setups are developed. This characteristic is needed, since the 

setup must be varied depending on the used pH indicator, ionophore and the charge and 

type of ions measured. It must always be ensured that electro-neutrality inside the matrix 

is guaranteed. Therefore, it is necessary to introduce and immobilize charged ionic groups 

(ionic liquids). Using this concept, enables a wide variety for ion sensing, since both, cation 

and anion sensing is possible. The large number of available indicators, ionophores and 

ionic surfactants make IBOS to a powerful tool for ion sensing.83–85 One of the main 

advantages is that IBOS do not need a reference electrode, and therefore sensing layers in 

the micro and nanoscale can be fabricated.86 Beside all mentioned advantages, IBOS suffer 

from a sever drawback. Since pH indicators are used for sensing other ions, they suffer 

from their naturally given pH sensitivity, which converts in a pH cross-sensitivity if used 

in IBOS systems. Such cross-sensitivities can be compensated by additional simultaneous 

measurements of pH, which is of course accompanied with a more complex sensing 

system. 
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2.5.3. Polarity Sensitive Dye Sensors (PSDS) 

Another group of sensors represent polarity-sensitive dyes (PSD). Those sensors have 

charged moieties acting as an catalyst capable extracting of ions out of aqueous solutions, 

forming a complex.87 The formed complex changes its polarity, hence able to move into 

different locations of the sensing layer (e.g. plasticizer droplet) because of its lipophilicity. 

This causes a change of the micro-polarity of the dye, which results in an increase or 

decrease of the fluorescence or absorption of the PSD.88 The potential sensitive dyes force 

a transport of ions from the aqueous media into the lipid membrane, whereas often neutral 

carriers are used to enable the transport inside a PVC membrane.89 In Figure 2-12 a 

schematic illustration of the working principle of PSD as a sensor is given. This model has 

to be seen as a simplified version of a sensor, since real PSD sensors are built up more 

complex. Depending on the choice of PSD and carrier for the desired ions it is possible to 

sense either anions or cations.87–92  

 

Figure 2-12: Simplified illustration of a polarity sensitive dye (PSD) and the effect of the microenvironment. a) 
Before complexation of the analyte the indicator is low in its fluorescence intensity.  b) After interaction of the 
analyte the polarity of the complex changes and it can move into another location of the sensing layer. Due to 
the change in polarity of the surrounding environment the complex is fluorescent.  

 

2.5.4. Chromophore Based Optical Sensors  

Chromophores based optical sensors require just one single molecule for ion recognition. 

The so called fluoroionophores unite the transducer with the ionophore. Signal 
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transduction is achieved, either by photoinduced electron transfer (PET) if a molecular 

spacer is used between recognition unit and chromophore, or intramolecular charge 

transfer (ICT), if no spacer is used between transducer and ionophore. In second case, the 

chromophore and the ion receptor are directly coupled via covalent binding. The two 

compartments (fluorophore and receptor) of the fluoroionophore are not electronically 

separated, whereas in PET, the spacer causes an electronical separation between those 

units.93,94 Depending on the electronical environment, it is sometimes difficult to 

differentiate between ICT and PET. All synthesized and used indicators in this thesis are 

mainly PET sensors. For a better understanding, the difference is illustrated in Figure 

2-13.  

 

Figure 2-13: Visualization of PET and ICT upon complexation. a) In PET the absorption spectrum remains 
unchanged, whereas the emission intensity changes upon analyte interactions. b) In ICT the spectra upon 
complexation is changed. 

2.6. Optical Chemical Sensors 

An optical chemical sensor typically consists of a receptor and a transducer. The receptor 

part is responsible for analyte recognition, whereas the transducer converts the gathered 

information into a measurable signal. This conversion into optical properties can be based 

on the change of the absorption, refractive index, luminescence or Raman spectroscopy.95–

103 

For luminescent sensors, the device characteristically involves a light source, the sensing 

material and a photodiode as a detector for quantification of the received signal. Advanced 
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sensing systems, additionally contain filters and optical elements between the sensing 

material to provide specific light properties for the interaction with the sensing material. 

With the use of such components, wavelength`s can be adjusted and the background noise 

minimized.98,104 

The main benefit of optical chemical sensors over electrochemical and electrical sensors is 

that, there is no need of a reference electrode. They can be seen as self-referenced, turning 

them into a powerful tool against electromagnetic influences. The negligible reference 

electrode enables miniaturization of the entire sensing device. Consequently, such sensors 

can be manufactured in various formats, starting in the nanoscale105 up to macroscale106. 

In addition, it is not necessarily needed that the sensing unit is in direct contact with the 

read-out unit, since light is used for information transport. This enables sensing methods 

where the sensing unit is completely separated from the readout unit (e.g. measurements 

through glass). Physical separation yields in a less pronounced read-out setup because 

critical parameters like, pressure, temperature or chemical harmful environments do not 

play a role. 

For sensor development some main parameters need to be considered: 

• Reversibility is ensured if the analyte is not destroyed or consumed by the indicator 

or sensing material. The signal complies the current analyte concentration. 

• Selectivity means that the produced transducer-signal is only generated by one 

specific compound. This can be controlled by the selection of proper receptors.  

• Response time is typically given as t90. This is the time when 90% of the 

corresponding signal intensity is reached. Quick response is decisive for real-time 

analysis. 

•  Sensitivity is describing the increase of signal intensity with rising analyte 

concentration. This important parameter can affect other characteristics such as 

detection limit, dynamic range or resolution. 

• Stability is one of the main factors for long-term measurements. If the word drift 

is used, it is directly connected with stability. For example, if the signal intensity is 

increasing or decreasing over time although the analyte concentration remains the 

same, stability is not guaranteed. 
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2.6.1. Photoinduced Electron Transfer 

Fluoroionophores can be quenched via two indicator-analyte interactions. The effects 

which can occur are photoinduced electron transfer (PET) and intramolecular charge 

transfer (ICT).107–110 The attachment of a PET-group on a fluorophore results in a redox 

capable indicator. The covalent connection of a receptor with a chromophore causes an 

electron transfer from the receptor-PET group to the dye moiety. This electron occupies 

the ground state S0 of the chromophore. Since the ground state of the chromophore is filled 

with two electrons, no radiative emission via fluorescence can take place (Figure 2-14 a). 

If the attached PET group interacts with certain analytes, the energy level of the PET group 

is lowered. In that case, the PET is inhibited and the fluorophore can emit fluorescence 

(Figure 2-14 b). Typically, PET is reductive, but some examples of an oxidative PET (e—

transfer from fluorophore to PET group) are reported.110 

 

Figure 2-14: Illustration of PET. a) Classic photoinduced electron transfer (PET) b) PET-quenching upon 
complexation of the analyte of interest. Binding events cause a change in the molecular orbitals of the receptor. 
The indicator in this case is fluorescent. 

Several functional groups, utilizing the PET are known, whereas the most groups used are 

phenolates111 or carboxylates112 and amines113. The combination of receptor and 

chromophore is decisive for the PET efficiency. The optimum quenching effect is achieved 
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by the combination of a good electron accepting group (fluorophore), with a strong 

electron donating group (receptor). Apart appropriate redox potentials, the PET is 

enhanced in polar environments (H2O, EtOH, MeOH, etc.), enabling PET indicators for 

measurements under physiological and environmental conditions.90 

Utilization of the PET group as a pH indicator is the most common used sensing concept. 

Via (de-)protonation these chromophores show a high sensitivity to pH, near the pKa value 

of the corresponding PET group.  

The PET cannot just be inhibited by simple protonation or deprotonation. The usage of 

selected receptors cause interactions with the PET group, making such indicators 

responsive for multiple other analytes. Phenyl-aza-crown-ethers are applied successfully 

for sensing ions.58,114–119 Depending on the size of the aza-crown-ether, they are selective 

for certain ions. After recognition of the corresponding ion the PET converts the molecular 

recognition in a detectable luminescence signal.120 

Recognition units can be separated via a spacer from the chromophore or directly linked 

to it. If a spacer is incorporated in the chromophore, the PET groups are electronically 

separated from the dye moiety. The spacer bridge breaks the conjugation and the ground 

state as well as the excited state of the fluorophore is not affected by PET quenching. This 

only leads to a change in the fluorescence emission, if the analyte of interest interacts with 

the fluoroionophore. The shape of the emission and absorption spectrum as well as the 

shape of the absorption is not affected at all. Since only the emission intensity is influenced 

by analyte interaction, such indicators can be applied as turn-on-off fluoroionophores. Via 

immobilization in appropriate sensor matrices, reversible sensing is achieved.  

In case of direct linkage of the recognition unit to the fluorophore, intramolecular charge 

transfer (ICT) is observed. The characteristics of this phenomenon is a change in the 

spectral properties (e.g. spectral shift), via interaction of the sensitive moiety with the 

analyte. Therefore, the HOMO-LUMO levels of the fluorophore is affected.  

PET based indicators enable a huge playground for the usage in optical sensor systems. 

The combination of typically insensitive fluorescent dyes, with PET-able receptors, yields 

in new sensitive indicators, capable for sensing applications.109 The utilization of the PET 

in fluorescence sensing offers a modular system, for the development of new indicators. 

The spectral properties can be adjusted by the fluorophore, whereas the selectivity and 

sensitivity can be controlled by the recognition unit. If different PET groups are attached 
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to the same dye, analogue spectral properties are expected, whereas the selectivity to 

different target analytes is controlled by different recognition building blocks. This enables 

a simplification for sensing devices, since optical filters and excitation LEDs do not have 

to be adjusted in the measurement devices. Furthermore, this concept enables 

multiparameter sensing via simple variation of chromophores with the same dye 

backbone. 

This variety yields in a modular and tunable system. This thesis took advantage of this 

effects and shows the huge playground in the development of new fluoroionophores. 

Furthermore, the effect of the sensor matrix on the PET-effect was studied (Chapter 3). 

Additionally, calcium receptors for the use as PET sensors and probes was investigated, 

and give an insight in double charged cation sensing. It forms the basis for future divalent 

ion sensing developments (Chapter 5). Apart from this PET-receptors were successfully 

applied in potassium blood sensing systems, in combination with referenced long lifetime 

particles discussed in Chapter 4.    

2.7. From Probe to Sensor  

2.7.1. ICT based probes for sensors 

ICT probes are usually named colorimetric dyes, or chromogenic dyes. This family 

represents systems, where the receptor is directly linked to a transducer. The complexation 

of ions causes a change in color, hence in the absorption spectrum (Figure 2-15 and 

Figure 2-13). Interaction of ions with the receptor causes a destabilization of the excited 

state of the dye. As a result, the electron density is influenced, hence either a hypsochromic 

or bathochromic shift, of absorption bands can be obtained. Using ICT probes for sensors 

has one main advantage. Due to the shift in absorption, ratiometric dual wavelength 

measurements are enabled, in emission and absorption mode. Examples of ICT indicators 

are shown in Figure 2-15. 
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Figure 2-15: Examples of fluoroionophores a)121, b)70, c)122 based on the ICT quenching mechanism for cation 
sensing. 

2.7.2. PET based probes for sensors 

The usage of PET probes involves receptors, which are mostly connected via a nitrogen to 

the spacer. The electron pair of the nitrogen is participating in ion complexation and is 

responsible for PET quenching. Upon complexation the absorption spectrum is not 

influenced and remains its shape and intensity, whereas the fluorescence emission 

intensity is affected. This effect can be either reductive or oxidative, causing either an OFF-

ON or ON-OFF mechanism. In Figure 2-16, a selection of PET indicators is shown.  
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Figure 2-16: Examples of PET fluoroionophores a)123, b)124, c)125. With increasing ion concentration, the emission 
intensity is increased, whereas the absorption spectrum remains unchanged. 

2.7.3. Utilization of probes as sensors 

Obtaining reversible sensors from ion indicators can be a challenging task. To ensure a 

continuous sensing setup, the fluoroionophores are usually immobilized in hydrophilic 

polymer matrices. Depending on the fluoroionophore the decisive goal is to discover the 

best suitable polymer, to obtain optimum sensing parameters (Chapter 3). The synergy 

between indicator and polymer matrices must fulfill some requirements. The 

fluoroionophore must be stable in the corresponding matrix, enabling a non-leaching 

environment for the dye, resulting in a permanent constant indicator concentration. 

Furthermore, the polymer must have a hydrophilic character to ensure ion mobility and 

permeability within the sensing layer. On the other hand, it should also have a hydrophobic 

character, since fluoroionophores sometimes tend to aggregate in hydrophilic 

environments. Because of those limitating requirements, hydrogels represent a good 

candidate for fluoroionophores as sensing matrices, since they vary in their hydrophilic 

and hydrophobic character. This was already shown for pH sensors.126 The easiest way to 

accomplish a reversible sensor is by dissolving the fluoroionophore and the hydrogel in an 

organic solvent. After subsequent process steps, like spin coating or knife coating on a 
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transparent support, a planar sensing foil is obtained. Most of the sensors described in this 

thesis are prepared with the knife coating technique (Figure 2-17).  

 

Figure 2-17: Knife coating illustration for a planar sensing foil. After the hydrogel and the indicator are dissolved 
in an organic solvent, the remaining sensor cocktail can be knife coated on a sensor support. Immediately after 
evaporation of the solvent the sensor can be used for measurements in aqueous solutions.  

 

Nevertheless, several other techniques exist to achieve reversible sensing setups. Sensing 

fibers are fabricated by dip coating the corresponding sensor cocktail on an optical fiber.127 

Polymer nanoparticles are used as water dispersible nano-sensors, if the indicators are 

immobilized in such particles. This strategy is already successfully applied in biological 

applications, where such materials are taken up by cells.114  

By now, the incorporation of fluoroionophores in hydrogels is not common, whereas the 

vast majority represents probes for ion detection. Still, there are reported ion sensors 

based on methacrylate hydrogels.128,129  The environmental circumstances of the polymer 

are the key factor for a reversible sensing platform. Polymers must be water swellable and 

the main goal is to find the balance between the perfect ion complexation conditions and 

a suitable stable sensing matrix. Best binding affinities are usually found in highly 

hydrophilic environments.130 The effect of binding stabilities of a potassium 

fluoroionophore and the effect of different polymer matrices on the sensing properties is 

excessively studied in Chapter 3. This study also explains why nowadays a lack of solid-

state materials exists, since the synergy between fluoroionophore, the analyte of interest 

and the polymeric matrices is highly complex.  



2. Theoretical Background 

34                                                               Synthesis of Fluoroionophores and its Application for Optical Sensors 

2.8. BODIPY Dyes  

From all existing fluorescent dyes, BODIPY dyes represent one of the highest potentials 

for future development and utilization in sensors. They are already invented by Treibs and 

Kreuzer in 1968 and it took two decades since they are used as indicators for sensing 

applications.131 

 

Figure 2-18: Structure of borondipyrromethene (BODIPY) dyes. 

 

BODIPY dyes have certain characteristics, which explains why they achieved such high 

popularity: 

• High chemical stability over a wide pH range 

• High photostability 

• High quantum yields and brightness 

• Sharp emission and excitation spectra 

• The photophysical and spectroscopic properties can be easily tuned 

• They reveal a good solubility over several solvents 

• Simple and versatile synthetic pathways 

Due to these extraordinary properties, most of the synthesized and used indicators in this 

study are based on BODIPY dyes. Furthermore, due to their chemical robustness they 

allow modifications after complexation with BF3OEt2. Nucleophilic substitution, reduction 

or oxidation of the dye itself does not cause troubles and enables further modification. The 

boron center of the dye can be used for the introduction of a variety of different 

substituents, making these dyes a promising candidate for tuning and adapting spectral 

properties.132  

The synthesis of meso-substituted BODIPY dyes is achieved by two different one-pot 

procedures. The first route (Figure 2-19 a) uses a Lewis acid (most common 

trifluoroacetic acid, TFA) as a catalyst for the condensation of a substituted pyrrole and an 
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aldehyde. Oxidation with p-chloraniline or DDQ, and subsequent base treatment (Hunigs 

base or Et3N) as well as final complexation with BF3OEt2 yields to the corresponding 

BODIPY dye. The second route (Figure 2-19 b) uses an acid halide instead of an aldehyde. 

Again, subsequent treatment with a base and BF3OEt2 yield again to the corresponding 

dye.  

 

Figure 2-19: Synthesis of meso-substituted BODIPY-dyes via two different synthetic routes. 

 

In general, the usage of acid chloride instead of aldehydes give better yields, but since the 

structural diversity, sensitivity to moisture and the availability of acid chlorides is limited, 

the synthetic route in Figure 2-19 a is more common. Important to note is that both 

approaches need to be carried out under inert conditions and require reaction times 

ranging from several hours to several days with moderate yields. 

Another route for the synthesis of BODIPY dyes includes a simple one-pot condensation 

of pyrrole-carbaldehyde with the use of POCl3. Products formed via this synthetic route are 

usually obtained in high yields and little effort in purification is needed.  

 

Figure 2-20: Condensation of pyrrole-carbaldehydes in a one-pot reaction yields to BODIPY dyes.  

 

The chemical robustness of BODIPY dyes allows several modifications, ranging from 

reduction, oxidation and nucleophilic substitution reactions. Also the boron center can be 
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extended to a conjugated system which enables an enormous potential in structural design 

and tuning properties of BODIPY dyes.132,133 

In order to synthesize analyte sensitive dyes, two main synthetic routes are available and 

shown in Figure 2-21. The first strategy uses an aromatic aldehyde, which is already 

connected to a receptor unit. This strategy results in a PET sensitive 

chromoionophore.134,135 In another route an aromatic aldehyde is coupled onto a styrylated 

BODIPY dye, obtaining an ICT based chromoionophore.136,137 

 

Figure 2-21: Possible synthetic routes for the introduction of analyte sensitive groups incorporated in BODIPY 
dyes. Route A results in a PET indicator, while route B yields in a ICT based dye.  

 

BODIPYS are due to their beneficial properties (high chemical and photochemical 

stability, high brightness) and their versatile synthetic strategy an excellent candidate for 

the design of novel indicators. The synthetic playground of modifications for BODIPY 

indicators enables fine tuning of indicators and is the driving force for the development of 

new fluorescent cation indicators.
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3.1. Preface for the Manuscript 

This manuscript was published as Full Paper in Sensors and Actuators B: Chemical and 

focuses on the influence of the polymer matrix on the performance and sensitivity of 

optical potassium sensors. 

In this manuscript, the effects of polymer nature on the sensing properties like stability, 

sensitivity, fluorescence brightness and response time are investigated (Section 2.5). On 

this purpose a previously reported FI3117 is used. It is composed of a highly selective 

phenylaza-[18]crown-6-lariat-ether receptor reported by Ast et al.115 and red-light emitting 

-extended BODIPY fluorophore. It features high fluorescence brightness and good 

modulation of fluorescent properties by the receptor (Chapter 2.8). Additionally, its 

amphiphilic character allows non-covalent immobilization in hydrogels without 

leaching117, which is important for polymer screening studies.  

The effects and influence of the polymer matrix (Section 2.7.3) on the sensing properties 

of the recently published “FI3”117 is investigated in this manuscript. Sensor foils were 

investigated according to their sensing dynamics (dissociation constant; Kd), response 

times (t90), quantum yield (QY) in different polymer matrices including polyurethane 

hydrogels, pHEMA and hydrogels containing negatively-charged additives, which show 

how hydrophilicity of the materials and additional charges influence the Kd value. 

Additionally, hydrogel and pHEMA blends reveal that the Kd can be easily adjusted via the 

variation of different hydrogels and the amount of pHEMA within the foils.  

This study demonstrates the fundamental role of the polymer matrix on characteristics of 

the solid-state optical potassium sensors and provides the guidelines for general design of 

ion sensors with improved characteristics. 
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Highlights 

− New fluorescent sensors for potassium are prepared and characterized. 

− Systematic tuning of the sensitivity via variation of the matrix polymer and 

additives becomes possible. 

− The sensitivity is enhanced in more hydrophilic polymers and polymers containing 

negatively-charged groups. 

− Materials with improved sensitivity are promising for potassium monitoring in 

whole blood. 

  



3. Tuning the sensitivity of fluoroionophore-based K+ sensors via variation of polymer matrix: a 
comparative study 

40                                                               Synthesis of Fluoroionophores and its Application for Optical Sensors 

3.2. Abstract 

Optical sensors are prepared via immobilization of K+ fluoroionophore (K+FI) into 

different hydrophilic polymers and their properties (luminescence brightness, stability, 

sensitivity, cross talk to sodium, dynamic range, response time) are investigated. 

Depending on the character of the used polymeric matrix, the fluorescence quantum yields 

for the K+-fluoroionophore complex (500 mM K+) span from 44% in commercial 

polyurethane hydrogel (D1) and 18% in poly(2-hydroxyethyl methacrylate). Dynamic 

intensity measurements show reversibility of the sensors and response times (t90) below 1 

min for most of the materials. Blending of poly(2-hydroxyethyl methacrylate) with 

polyurethane hydrogels is necessary to ensure compatibility of the indicator and the 

matrix. Comparison of dissociation constants (Kd) reveals moderate sensitivity 

enhancement in hydrophilic polymers such as polyurethane hydrogel (D1; Kd 51.8 mM) 

and poly(2-hydroxyethyl methacrylate) (Kd 15.4 mM) compared to previously used 

hydrogel D4 (Kd 60.4 mM) and drastic increase in the sensitivity upon addition of 

negatively-charged aliphatic sulfonates (Kd  3 mM). In case of the latter, the enhancement 

in the sensitivity is significantly lower in presence of sodium ions. Modification of a 

commercially available polyurethane hydrogel with sulfonate groups enables preparation 

of stable sensors with improved binding ability (Kd 11.1 mM). This study demonstrates the 

fundamental role of the polymer matrix on characteristics of the solid-state optical 

potassium sensors and provides the guidelines for general design of ion sensors with 

improved characteristics. 

3.3. Introduction 

The field of optical chemical sensors is growing since decades. Many different sensing 

platforms, materials and techniques have been developed.98,104,126,138,139  and now optical 

sensors find numerous applications in areas like chemical industry, medicine, 

biotechnology, marine biology and environmental monitoring to mention only a few.140 

Despite that the word “sensor” became extremely popular to describe molecular probes, 

the true sensor is significantly more complex in design.141 To be reusable, the indicator has 

to be immobilized into a (polymeric) matrix, which may also contain additives to enable 

referenced sensing/imaging, eliminate interferences from ambient light and background 

fluorescence etc.  Compatibility of such materials with compact and inexpensive read-out 

set-up is also of great importance for sensor design. Apart from the indicator, other 
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components of the sensing material play a pivotal role in terms of sensitivity, selectivity, 

response time and stability of the resulting sensor since numerous parameters can affect 

the sensing properties.126 

Sensing of K+ is of highest importance in medicine and biology.142–144 Optodes represent a 

promising alternative to ion-selective electrodes.118,145 Most reported optodes are based on 

a combination of ionophores with pH indicators immobilized into hydrophobic 

polymers.146,147 

Fluoroionophores (FIs) combine the dual function of a selective receptor and a fluorescent 

reporter and therefore enable a significantly less complex design of a sensing material. 

Although a few fluoroionophores (FI) for K+ have been reported, they have been mostly 

applied as molecular probes for intra- and extracellular sensing 128,148. Reversibly operating 

reusable materials for K+ monitoring based on immobilized indicators are much rarer. For 

instance, He et al.149 covalently immobilized a K+ fluoroionophore on amino cellulose 

fibers that were further dispersed in hydrogel D4. Müller et al.117 reported K+ sensors based 

on FIs immobilized into polyurethane hydrogel D4, whereas Ast et al.115 utilized a 

copolymer of acrylamide and acrylonitrile (Hypan) as a sensor matrix. Zhou et al.128 

investigated several hydrogels including poly(2-hydroxyethyl methacrylate) (pHEMA), its 

copolymers with acrylamide and copolymers additionally containing positively-charged 

quaternary ammonium groups and negatively-charged sulfo-groups. They showed 

increase and decrease of the Kd value in presence of the positively- and negatively-charged 

groups, respectively. Among these materials only the sensors reported by He et al.149 and 

Zhou et al.128 showed dynamic range optimal for K+ monitoring in whole blood since the 

extracellular K+ concentration in the human body is regulated between 3.5 and 5 mM150 

Therefore, new sensing materials that exhibit dissociation constants (Kd) within this range 

or at least approach it are still highly required. Unfortunately, the synthesis of the 

cryptand-based FI is extremely tedious ( 10 steps). On the other hand, preparation of 

crown-ether receptors and their combination with various fluorophores is more 

straightforward but the resulting sensing materials show strong response at significantly 

higher K+ concentrations.  Although several works were dedicated to correlation of the 

receptor structure and binding constant151,152, to the best of our knowledge, only the study 

of Meldrum and co-workers128 provides insights on the effect of sensor matrix on the 

sensing properties. 

It should be mentioned that formats of optical ion sensors are not limited to planar optodes 

and such sensors have been applied successfully on the nanoscale in form of quantum 

dots153, organosilica based particles154,155, polymeric nanospheres114,156 etc. to name a few. 
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In this contribution, the effects of polymer nature on the sensing properties like stability, 

sensitivity, fluorescence brightness and response time are investigated. For this purpose a 

previously reported FI3117 is used (Figure 3-1). It is composed of a highly selective 

phenylaza-[18]crown-6-lariat-ether receptor reported by Ast et al.115 and red-light emitting 

-extended BODIPY fluorophore and features high fluorescence brightness and good 

modulation of fluorescent properties by the receptor. Additionally, its amphiphilic 

character allows non-covalent immobilization in hydrogels without leaching117, which is 

important for polymer screening studies. Herein we investigate the photophysical 

properties and K+ response of the FI in different matrices including polyurethane 

hydrogels, pHEMA and hydrogels containing negatively-charge additives and show how 

hydrophilicity of the materials and additional charges influence the Kd value.  

 

3.4. Material and Methods 

3.4.1. Materials 

THF, cyclohexane, TRIS, NaCl, KCl and standard microscope slides were bought form Carl 

Roth GmbH (www.carlroth.com). Hydrogels (Hydromed D1, D2, D3, D4, D7) were 

obtained from AdvanSource biomaterials (www.advbiomaterials.com). NaH (60%), 

propanesultone, sodium 1-octadecanesulfonate, sodium dodecylbezenesulfonate (hard 

type) were from TCI (www.tcichemicals.com). Poly(2-hydroxyethyl methacrylate) 

(pHEMA), poly(N-(2-hydroxypropyl)methacrylamide) (pHPMA), ethyl cellulose (EC49), 

chlorotrimethylsilane (TMSCl), polyvinylchloride (PVC), dioctyl sebacate (DOS) and 

sodium dodecylsulfate were purchased from Sigma Aldrich (www.sigmaaldrich.at). 

Fluoroionophore K+Fl was prepared according to the literature procedure (“FI 3”)117. 

3.4.2. Sensor preparation 

A polymer was dissolved in tetrahydrofuran (THF) to obtain a 10 wt% solution. Stock 

solution of K+FI was added to obtain a “cocktail” with 0.2 wt% dye in respect to the 

polymer. The “cocktail” was vortexed and knife-coated (76 µm wet film thickness), from 

BYK-Gardner (www.byk.com) on glass slides that were silanized with 

trimethylchlorosilane prior to use (see ESI). After evaporation of the solvent the thickness 

of the foils was measured with an “Inductive Digital Comparator Extramess 2000” from 

Mahr (www.mahr.com). In average the foils had a thickness of 7.6 ± 0.2 µm. Optional 

http://www.carlroth.com/
http://www.advbiomaterials.com/
http://www.tcichemicals.com/
http://www.sigmaaldrich.at/
http://www.byk.com/
http://www.mahr.com/
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additives were mixed in the sensor “cocktail” before knife-coating. For determination of 

absolute quantum yields, the same composition was coated on glass disks ( 8 mm, 

www.hilgenberg-gmbh.de). 

3.4.3. Hydrogel D4 modification  

5 g of hydrogel D4 were placed in a 500 mL flame-dried Schlenk tube. 250 mL of dry THF 

were added and the flask content was stirred for 30 minutes until polymer dissolution. 

164 mg of NaH (60%; 4 mmol) were slowly added at room temperature and the solution 

was stirred for 20 minutes. The solution was heated to 60 °C, stirred at this temperature 

for 1 h and then cooled to room temperature. 500 mg of 1,3-propanesultone (4 mmol; 

Warning: extremely toxic!) were dissolved in 10 mL of dry THF and then added dropwise 

to the solution. The reaction was stirred for 22 h at room temperature. Excess of NaH and 

1,3-propanesultone were destroyed by slow addition of 50 mL milliQ water and stirring 

the solution for another 2 h. The solution was added to 300 mL cyclohexane and the 

resulting polymer gum was stirred for 30 minutes to remove soluble impurities. The 

polymer gum was dried under vacuum, dissolved again in THF and precipitated in 300 mL 

cyclohexane. This washing step was repeated 3 times. The product was dried at 70 °C in 

the vacuum oven for 24 h. For storage, the hydrogel was stored in an oven at 60 °C to avoid 

water uptake.  IR spectra (Figure S1) were recorded on an Alpha Fourier-transform 

infrared spectroscopy (FTIR) spectrometer (Bruker, www.bruker.com) using an ALPHA’s 

single reflection diamond ATR module. Yield: 4.2 g 

3.4.4. Fluorescence Measurements 

The sensor slides were placed in a home-made flow through cell and buffer solutions 

(20 mM TRIS; pH 7.4) containing 0-500 mM K+ (0, 5, 10, 25, 50, 100, 200, 500 mM) with 

0 or 150 mM Na+ background were pumped through the cell. The pumping speed was 

constant during the measurements (5 mL x min-1). The fluorescence spectra and the kinetic 

mode measurements were done at RT ( 23 °C) in front-face mode on a Fluorolog3 

spectrofluorometer (Horiba Jobin Yvon). All measurements were performed with the 

same excitation (λex=580 nm) and fixed emission wavelength (λem=649 nm), with the same 

excitation and emission slits. Standard deviation of the normalized fluorescence intensity 

did not exceed 5% of the value.  

http://www.hilgenberg-gmbh.de/
http://www.bruker.com/
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3.4.5. Data evaluation 

In order to simulate physiologically relevant conditions, the sensors investigated in the 

range from 0 to 500 mM K+ in the absence of Na+ and in presence of 150 mM Na+ (NaCl) 

background. This comparison allows estimation of the cross sensitivity of the sensor 

materials to Na+. These values are representative for the corresponding polymer matrix to 

the K+FI. The dissociation constants (Kd) were calculated from the plot of log [(I-

Imin)/(Imax-I)] (y-axis) vs. log[K+] (x-axis). This double logarithmic plot gives an x-intercept 

that is the log (Kd) expressed in mM K+. 

3.4.6. Quantum yields measurements 

Absolute quantum yields for the immobilized K+FI were determined in presence of 0 and 

500 mM K+ at pH 7.4 and in 0.1 M aqueous HCl. The sensor spots were placed into an 

integrating sphere from Horiba with the compartment under the spot filled with the 

corresponding buffer that was in direct contact with the sensing layer. Error in the 

determination of the quantum yields did not exceed 10% of the value.  

3.4.7. Response times 

Response times (t90) are calculated between 0 and 5 mM K+ for measurements with 

150 mM Na+ background. 
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3.5. Results and Discussion 

3.5.1. Response mechanism 

The fluoroionophore117 used in this study is shown in Figure 3-1 

Figure 3-1. The indicator is based on a N-phenylaza-18-crown-6-lariat-ether receptor, 

which is connected to a -extended borondipyrromethene (BODIPY) chromophore. The 

sensing principle is fluorescence quenching in the absence of K+ due to photoinduced 

electron transfer (PET) from the receptor to the chromophore (Figure 3-1). The 

ionophore bears a tertiary amine group that enables fluorescence enhancement due to the 

reduction of the PET upon complexation with K+ ions.120 Such fluoroionophores operate 

in aqueous solutions and in solvents and polymeric matrices containing some amount of 

water.117,128,157 Importantly, the aromatic character of the fluoroionophore results in 

comparably low pKa value of 3.2117 so that the intrinsic pH sensitivity of the fluorophore 

does not interfere with potassium measurement in the whole blood.  

 

Figure 3-1: Chemical structure of the fluoroionophore and schematic illustration of the response mechanism. 
Via complexation of the analyte the HOMO of the receptor is energetically reduced which enhances the 
fluorescence emission. 
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3.5.2. Choice of materials 

Immobilization of the indicator into a (polymer) matrix is essential for reusable character 

of the sensor. The matrix acts as a solvent and a support for the immobilized FI and should 

enable good diffusion of K+ for fast response. The hydrophilic polymers typically bear polar 

groups (e.g. carbamate, alcohol) that may weakly coordinate to the free/complexed ion 

and therefore affect the stability constant. Importantly, to ensure the stability of the 

sensing material, the polymer should be insoluble in water. This condition discards 

polymers like poly(vinyl alcohol), poly(vinyl pyrrolidone), non-cross-linked poly(acryl 

amide) etc. Therefore, the choice was limited to several homopolymers and copolymers, 

which form mechanically stable hydrogels in water. Among them polyurethane hydrogels 

and pHEMA represent widely established matrices for immobilization of pH 

indicators129,158–160 and were selected for this study as well. A classical plasticized poly(vinyl 

chloride) matrix was also used for referencing purposes.  

3.5.3. Polyurethane hydrogels 

Polyurethane hydrogel D4 is commercially available from AdvanSource biomaterials and 

has been widely applied for pH sensing.129,155,157–164 It was demonstrated to be a suitable 

matrix for immobilization of potassium150,153 and sodium118,146 fluoroionophores. The same 

company also offers other polyurethane hydrogels with varying water uptake and linear 

expansion (Table 3-1). Although the exact structure of the material is not disclosed, it is 

described as a combination of alternating blocks of hard and soft segments.165,166 The 

hydrophobic part is formed via the reaction of cycloaliphatic diisocyanate with a diol 

(butandiol or poly(tetrahydrofuran)) whereas the soft hydrophilic segments are built by 

poly(ethylene glycol) blocks. Due to their hard and soft alternating blocks, such 

polyurethanes are mechanically strong, tear resistant and show a good flex life. These 

properties make such hydrogels suitable as hydrophilic sensor matrices. Due to their 

physically cross-linked character, they are insoluble in water. 

Fluorescence response of K+Fl in hydrogel D4 is exemplified in Figure 2-1 a. By 

protonating the dye with 0.1 M HCl, a slight bathochromic shift is observed. This effect 

occurs because the receptor is not completely electronically decoupled from the 

fluorophore resulting in intramolecular charge transfer (ICT) from the amino group to the 

chromophore. Figure 3-2 b shows the corresponding kinetic measurement illustrating 

the fully reversible character of the response. In contrast, when the indicator is 
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immobilized into a classical hydrophobic matrix composed of poly(vinyl chloride) (PVC) 

plasticized with dioctyl sebacate (DOS, 1:1 w/w), hardly any response is observed (Figure 

3-2 b). In fact, PET effect was inhibited in the apolar environment and the fluorescence 

was “switched on” already in the absence of the analyte. This observation correlates well 

with the highest difference between the fluorescence quantum yields of the neutral and 

protonated forms of the dye observed in polar solvents (particularly their mixtures with 

water, Table 2-1) although non-identical “switch on” mechanism (coordination of K+ vs. 

protonation) makes the comparison more difficult. Overall, these data and the experiment 

with plasticized PVC indicate that operation principle of the fluoroionophore in 

hydrophilic matrices is significantly different from other ionophore-based optical sensors 

that relies on an ion exchange mechanism and pH sensitive indicators as transducers.85,147 
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Figure 3-2: a) Emission Spectra of the K+FI in hydrogel (D4) at different K+ concentrations. Upon protonation with 
0.1 M HCl K+FI is fully “switched on”. b) Dynamic response of the indicator in polyurethane hydrogel D4 and 
PVC/DOS matrix.  

Different hydrophilicity of commercially available polyurethane hydrogel is expected to 

influence the response characteristics of the FI in these matrices. The response in 

five polyurethane hydrogels is shown in Figure 3-3. Comparison of Kd values (Table 3-1) 

reveals better complexation in hydrogels with high water content and linear expansion: D1 

(Kd= 51.8 mM) and D3 (Kd = 54.5 mM). The Kd rises with decreasing water amount, 

hydrogels D7 and D2 showing the worst binding affinity (Kd = 92.0 and 89.0 mM, 

respectively). Hydrogel D4 occupies intermediate position (Kd = 60.4 mM). Response 

times (t90) are fast (30 s). Hydrogel D1 (26 s) shows the slowest response time, whereas 

D7 (11 s) the fastest. This appears to be in contrast to the expectation of faster response in 

hydrogels with the highest water content due to faster diffusion of ions in polar media. 
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However, only the thickness of the dry sensing layers is identical for all the materials 

( 7.6 µm). Due to different water uptake of the hydrogels the foils have a different layer 

thickness in the swollen state varying from about 11 µm in case of D7 to about 25 µm for 

D1, which explains the experimental results. 

In case of hydrogels D1, D3 and D4 addition of 500 mM K+ results in the fluorescence 

increase to about 55-58% of the maximum value achieved by protonation of the receptor 

in 0.1 M HCl. Whereas protonation of the receptor is expected to completely inhibit 

photoinduced electron transfer, the complexation with K+ results only in partial inhibition. 

For hydrogels D2 and D7 in presence of 500 mM K+, the fluorescence is “switched on” only 

to about 32-35% of the maximum value which correlates well to higher Kd in these 

matrices. Interestingly, the fluorescence quantum yield in D2 in the protonated form is 

only 40% compared to about 75% in other hydrogels indicating that either partial 

aggregation of the dye takes place or it may localize in very hydrophobic domains of the 

hydrogel which have strongly reduced proton permeability. Despite some improvement 

achieved in hydrogel D1, the evaluated Kd values for commercial hydrogels are still too high 

for blood measurements since the extracellular K+ concentration in the human body is 

regulated between 3.5 and 5 mM. 

 

Figure 3-3: Dynamic response of hydrogel-immobilized K+FI to K+ in the absence of Na+ background and with 
150 mM Na+ background. 
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Table 3-1: Sensing properties of the K+FI immobilized into different polyurethane hydrogels.  

Hydrogel  D1 D2 D3 D4 D7 

linear expansion [%](a) 45 25 40 50 10 

water content [%](a) 70 55 60 50 30 

QY at 0 mM K+ [%] < 3 < 3 < 3 < 3 < 3 

QY at 500 mM K+ [%] 44 14 42 42 24 

QY at 0.1 M HCl [%] 76 40 73 77 76 

t90 [s] 26 19 21 13 11 

Kd [mM] 51.8 89.0 54.5 60.4 92.0 

Kd with 150 mM Na+ 
background 

51.5 86.0 52.7 55.0 85.2 

(a) Source: AdvanSource biomaterials 

Since the K+FI shows different sensing properties in various hydrogels, their blends were 

tested in order to investigate if the Kd can be systematically varied. Since the hydrogels 

consist of different amounts of hydrophilic and hydrophobic compartments, the full 

miscibility is not guaranteed and the Kd trend for the hydrogels blends must not always 

show a linear behavior. For this reason, D1 and D7, which show the lowest and the highest 

Kd, respectively, were mixed in different ratios. The binding affinity excellently correlates 

with the water uptake of the corresponding hydrogels and mixtures (Figure S 3-3 a, 

Table S 3.7-2). The plot of the fluorescence intensity vs. K+ concentration reveals the 

highest slope (i.e. highest sensitivity) for K+FI immobilized in hydrogel D1 and the smallest 

slope for the hydrogel D7 whereas the blends occupy intermediate position.  From 100% 

D1 to 100% D7 the Kd is rising gradually from 51.8 mM up to 92.0 mM (Figure S 3-3 b). 

A linear behavior indicates that the used hydrogels are fully miscible. In addition, the 

observed trend in the dynamic response time correlate very well with hydrogel 

composition (Table S 3.7-2) which can be again explained by increase in the thickness of 

the swollen films with lower content of D7.  

3.5.4. Effect of additional negatively-charged groups on binding 

constant in polyurethane hydrogels 

Various materials added into the sensing layer are widely used to modify the properties of 

optical sensors. For instance, gas and ion permeability of the polymers is modified by 

addition of plasticizers and addition of scattering particles such as TiO2 particles is a 

common strategy to enhance sensor brightness,161,162 Zhou et al.128  showed that negatively-

charged sulfonic acid groups can enhance the binding stabilities for potassium in pHEMA 
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foils, making them more suitable for extracellular K+ sensing. Since the complex of the 

fluoroionophore and K+ is cationic, negatively charged additives are expected to favor the 

complexation whereas the positively charged additives should have an opposite effect. In 

fact, we have previously shown that the Kd value in positively-charged RL-100 polymer 

increases by about 3-fold compared to hydrogel D4.117 

Here the effect of long chain aliphatic sulfonates, namely sodiumdodecylsulfate 

(NaC12H25SO4), sodium dodecylbezenesulfonate (NaC18H29SO3) and sodium 

octadecanesulfonate (NaC18H37SO3), on sensing properties of D4-immobilized K+FI was 

investigated (Figure 3-4, Table 3-2). These additives were added to the sensing layer in 

99:1 molar ratio in respect to the K+FI. Without a sodium background, additives cause a 

tremendous increase in sensitivity compared to hydrogel D4 (Figure S 3-4, Table S 

3.7-3). In fact, the Kd values of 2.6 and 2.7 were estimated for D4-doped with C12H25SO4
- 

and C18H37SO3
-, respectively. Addition of C18H29SO3

- resulted in full sensor response 

already at 5 mM K+ making calculation of Kd impossible (Figure S 3-4b). It is assumed 

that the additives (i) increase K+ concentration in the foils via extraction and Na+ exchange 

and (ii) promote stabilization of the resulting FI-K+ complex via electrostatic interaction. 

The response times for the materials with additives are up to 5 times higher than for D4 

foils indicating that the equilibrium state is reached slower. The complexation with K+ 

results in formation of ion pair with the additive and may promote migration of the ion 

pair in different domains of the hydrogel.  

Unfortunately, a dramatic increase of Kd is observed in presence of 150 mM Na+ (Table 

3-2; Figure S 3-4 b). Note that there is hardly any cross-sensitivity to Na+ in case of D4 

without additives. Nevertheless, in case of C18H29SO3
- additive and 150 mM Na+ 

background the Kd value is still quite low (9.2 mM). Comparison of the fluorescence 

intensity without sodium background and in presence of 150 mM Na+ allows 

quantification of this cross-talk recalculated for K+ concentration (Table S 3.7-3). For 

instance, at 0 mM K+, the deviation is positive: 0.11 mM K+ for D4 without additives, 

0.2 mM K+ for C12H25SO4
- and C18H29SO3

- and 0.13 mM for C18H37SO3
-
. At 5 mM K+ and 

150 mM Na+ background the deviation is very high (-4.24 to -4.58 mM K+) i.e. 0.76 mM 

K+ would be measured instead of 5 mM K+ with the same material if the calibration 

function established without Na+ background is applied. On the other hand, such drastic 

changes are not observed if concentration of sodium ions is varied only minor (110 – 

170 mM) which is the realistic range for fluctuations in whole blood (Figure 3-4 b). At 
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0 mM K+ a slight increase in intensity with increasing Na+ concentration is observed. In 

presence of 5, 10 and 25 mM of K+ the effect is opposite and an increase of Na+ 

concentration results in decrease of the fluorescence intensity in case of materials 

containing C18H29SO3
- and C12H25SO4

- but not for C18H37SO4
- (Table S 3.7-4 d). Although 

similar enhancement of sensitivity of K+ sensors in presence of negatively-charged groups 

has been demonstrated by  Zhou et al.128, the influence of interfering ions on the sensing 

properties was not studied. 

 

Figure 3-4: a) Chemical structures of the additives and schematic representation of the effect of negatively 
charged groups.  b) Effect of sodium on the sensing properties at different K+ concentrations. c) Dependency of 
the fluorescence intensity of K+FI immobilized in D4 and modified D4 on C(K+). 

Table 3-2: Effect of additives on the sensing properties of D4-immobilized K+FI. 

Polymer  D4 C12H25SO4
- C18H29SO3

- C18H37SO3
- D4-SO3

- 

QY [0 mM K+] < 3 < 3 < 3 < 3 < 3 

QY [500 mM K+] 42 55 51 37 39 

QY [0.1 M HCl] 77 76 76 74 62 

t90 [s] 13 41 64 66 25 

Kd [mM] 60.4 2.6 n.d. 2.7 11.1 

Kd with 150 mM Na+ 
background [mM] 

55.0 38.9 9.2 31.4 30.2 
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The addition of negatively charged additives showed that the sensitivity of the sensors can 

be significantly improved. This approach is simple and straightforward but leaching of the 

amphiphilic additives out of the sensor foil cannot be excluded.  Modification of the 

hydrogels with covalently attached negatively-charged groups (sulfonate or carboxylate) 

represents an interesting opportunity for further improvement. Here we investigate the 

modification of terminal hydroxyl groups present in the hydrogel via reaction with 1,3-

propanesultone in presence of a strong base (NaH) at 60 °C resulting in the formation of 

terminal sulfonate groups.  

As can be seen from Figure 3-4 and Figure S 3-5, modification of the polymer indeed 

results in significant improvement of the sensitivity compared to unmodified D4. In fact, 

the Kd value for the modified material in the absence of Na+ background was found to be 

11.1 mM, which is about 6-fold smaller than for unmodified D4.  Similar to the results 

obtained for the additives, Kd increases in presence of Na+ (Figure S 3-5 a, Table 3-2, 

Table S 3.7-4). Nevertheless, at 150 mM Na+ it is still about 2-fold smaller than in D4. 

The improvement in the sensitivity, however, comes at the cost of some cross talk to Na+ 

(Figure 3-4 b). With increasing Na+ concentration, the intensities for the modified 

material are decreasing, whereas unmodified hydrogel D4 shows an increase in the 

intensity, reflecting additional (weak) complexation of the FI by Na+ (Figure S 3-4 b). It 

should be mentioned that since Na+ concentration is routinely monitored in blood 

analysis, such cross talk can be potentially compensated for instance with help of FI 

bearing a different receptor.118 Importantly, the photophysical properties of K+FI in the 

modified hydrogel are almost identical to D4. The response times doubled but the response 

is still acceptably fast. The physical properties of the modified hydrogel are very similar to 

that of the D4 making preparation of homogeneous blends possible. In agreement with the 

decreased concentration of sulfonate groups in 1:1 (w/w) blend of the two polymers, the 

sensitivity of the resulting sensing material is between that of D4 and the modified 

hydrogel (Table S 3.7-4). 

In conclusion, the investigations of negatively charged sulfonates showed that Kd can be 

significantly reduced. Measurements with the additive sodium dodecylbezenesulfonate 

(NaC18H29SO3) revealed a Kd of 9.2 mM (with 150 mM sodium background) which is 

already close to the optimum for blood analysis (3.5 to 5 mM K+). Considering potential 

application for measurement in whole blood, additives should be treated with caution 
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since leaching effects cannot be excluded. Therefore, the modified hydrogel D4 enables a 

more trustful sensing matrix, albeit on the cost of significantly higher Kd value (30.2 mM). 
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3.5.5. Poly(2-hydroxyalkyl methacrylates) and their blends 

18-crown-6 receptors are known to have good binding affinities in polar solvents like 

MeOH and EtOH.163,164 Consequently, polymers that possess alcohol groups are of much 

interest. Among them poly(2-hydroxyethyl methacrylate) (pHEMA) is of highest interest 

due to optimal water uptake of 40%. Since the polarity of the hydrogel may be comparable 

to solvents like MeOH and EtOH, we expected a relatively low Kd value for the immobilized 

K+FI. Therefore, a sensor material based solely on pHEMA, two materials utilizing blends 

of pHEMA and D4, and a material utilizing significantly more hydrophobic poly(2-

hydrohypropyl methacrylate) pHPMA were prepared. The dynamic response of the 

sensors and the Kd plots are shown in Figure 3-5 and the sensing properties of the 

materials are summarized in Table 3-3. As expected, a significant improvement (about 4-

fold compared to D4) of the Kd is achieved in pHEMA. For pHPMA, the measurement 

without the sodium background indicated almost complete saturation of the signal at 

5 mM K+ (Figure S 3-7) so that the Kd cannot be estimated. Despite excellent binding 

affinity of K+Fl in pHEMA and pHPMA, the overall performance of the sensors is far from 

being optimal. In fact, the fluorescence QYs at 500 mM K+ were found to be only 18% and 

21% for pHEMA and pHPMA, respectively, compared to 42% in D4. The QYs values for 

pHEMA and pHPMA are only a rough estimation since aggregation of the fluorophore is 

likely to occur in these polymers. In fact, QY increased only marginally in 0.1 M HCl (22 

and 23% for pHEMA and pHPMA, respectively). Moreover, the emission spectra of K+Fl 

are broader in pHEMA and pHPMA compared to D4 (Figure S 3-8 and Figure S 3-9) 

and an increase in the turbidity of the foils was observed over the time (Figure S 3-10 

and Figure S 3-11) Modification of FI that allows improving the compatibility with these 

polymers (e.g. via introducing hydrophilic groups) is likely to represent a promising 

strategy to obtain materials combining high sensitivity and excellent photophysical 

properties and stability. Alternatively, covalent coupling of FI to pHEMA is likely to 

prevent the aggregation. Although strategies for integration of K+ fluoroionophores into 

pHEMA are established128 such modifications in case BODIPY-based FI are expected to 

significantly increase synthetic effort. 

We found that synthetic modifications are not necessary if the Fl is immobilized in blends 

of pHEMA and D4. In fact, K+FI retains high brightness even in the blend of 7:3 w:w of 

pHEMA:D4 (Table 3-3) indicating absence of dye aggregation in this matrix. The 

fluoroionophore embedded in the mixtures containing 30 and 70% wt. of pHEMA (Figure 
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3-5) in D4 shows Kd values of 43.9 and 28.2 mM, respectively, which are between those of 

pure pHEMA and pure D4 (15.4 and 60.4 mM, respectively). Due to lower Kd value this 

material is much better suited for K+ monitoring in whole blood compared to the material 

based on D4 and D1 hydrogels. Similar behavior is observed for the materials based on the 

blends of D4 and pHPMA (Figure S 3-8). It can be concluded that blending a hydrophilic 

polymer, like pHEMA or pHPMA with a copolymer like D4, enables simple and versatile 

strategy to modify and adapt the sensing properties to the field of application. On the other 

hand, a Kd value of 28.5 mM (70w% pHEMA in D4) is not yet optimal for blood 

measurements (3.5 to 5 mM K+), so that further improvement so that the materials based 

on pure pHEMA or pHPMA but with increased compatibility with the fluoroionophores 

remain of great interest. 

 

Figure 3-5: a) Dynamic response of K+FI immobilized in D4, pHEMA and their blends to K+ in the absence of Na+  
background and with  150 mM Na+ background. b) Double logarithmic plots of [(I-Imin)/(Imax-I)] vs C(K+) for the 
sensor materials for determination of Kd. 
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Table 3-3: Sensing properties for the K+FI immobilized into poly(2-hydroxyalkyl methacrylate) and their blends 
with hydrogel D4.  

Polymer  D4 pHEMA 30w% 
pHEMA in 

D4 

70w% 
pHEMA in 

D4 

pHPMA 

QY [0 mM K+] < 3 < 3 < 3 < 3 < 3 

QY [500 mM K+] 42 (18) 44 41 (21) 

QY [0.1 M HCl] 77 (22) 73 65 (23) 

t90 [s] 13 14 15 13 14 

Kd [mM] 60.4 15.4 43.9 26.6 n.d. 

Kd with 150 mM 
Na+ background 

[mM] 

55.0 14.9 46.2 28.5 9.5 

 

3.6. Conclusion 

In conclusion, investigation of different hydrophilic polymers as matrices for 

immobilization of K+ fluoroionophore allowed better understanding how the structure of 

the polymer affects the sensing properties of the resulting materials. We have shown that 

increasing hydrophilicity of the polyurethane hydrogels results in some improvement of 

the sensitivity. Introduction of negatively charged sulfonate groups either as an additive 

or via covalent modification of a polyurethane hydrogel results in a dramatic improvement 

of the sensitivity, albeit at the cost of strongly increased cross talk to Na+. Nevertheless, 

even at physiologically relevant sodium background, the sensitivity is still better compared 

to the unmodified hydrogels. Homogenous poly(2-hydroxyalkyl methacrylate) polymers 

enable very strong improvement in the sensitivity but are poorly compatible to the 

fluoroionophore that tends to aggregate in these matrices. On the other hand, blends of 

pHEMA and polyurethane hydrogels yield stable materials with improved sensitivity more 

adequate for blood measurements. Overall, this work makes it possible to shift the 

dynamic range of optical K+ sensors to the lower concentration range, making the 

materials better suitable for whole blood measurements without undergoing challenging 

and time-consuming modification of the receptor. The results are likely to be transferrable 

to other sensors that utilize fluoroionophores, for instance sensors for sodium, utilizing 

aza-15-crown-5 receptor.  
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3.7. Supporting Information 

3.7.1. Glass Slide modification 

Glass slides were modified with Chlorotrimethylsilane (TMSCl). Prior to the modification, 

the glass slides were dried with a heat gun for 5 minutes. After the slides cooled to room 

temperature, TMSCl was pipetted on the slide and stacked with another glass slide. After 

30 minutes the slides were rinsed with EtOH three times and then with milliQ water. The 

slides were dried for one day at 70 °C. In order to check if the modification worked contact 

angle measurements were performed. Pictures with a USB-microscope from the company 

ELV (www.elv.com) were made and the contact angle calculated with an ImageJ software. 

For the unmodified glass slide, a contact angle of 29° and for the modified 79° was 

calculated (Figure S 1a, b). 

 

Figure S 3-1: contact angle pictures from an unmodified glass slide (a) and modified glass slide (b). 

 

3.7.2. Hydrogel modification 
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Figure S 3-2: FTIR spectrum of the modified and unmodified hydrogel. 

http://www.elv.com/
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3.7.3. Determination of QY in solvents 

Absolute quantum yields for the indicator K+FI in different solvent was determined in the 

protonated and neutral state. Therefore, the indicator was dissolved in 2 mL of the 

corresponding solvent and the absorption was adjusted to 0.05. The cuvette was placed 

into an integrating sphere from Horiba and the quantum yield was determined. For 

characterization of the protonated indicator 3% v/v trifluoroacetic acid (TFA) was added. 

To ensure that there are no traces of acid in dichloromethane, a base (pyridine or 

N-ethyldiisopropylamine DIPEA) was added. Note that the solvents were not dried over 

molecular sieve which may explain comparably high difference between the QYs in 

toluene. The error in determination of QYs does not exceed 10%.  

Table S 3.7-1: measured absolute QY in different solvents. 

Solvent Additive  QY [%] 

THF 
 

5 

THF  + TFA 64 

EtOH  
 

7 

EtOH   + TFA 80 

MeOH 
 

7 

MeOH  + TFA 91 

DCM 
 

25 

DCM  + TFA 20 

CHCl3 
 

15 

CHCl3  + TFA 30 

toluene 
 

9 

toluene  + TFA 65 

80% EtOH 

20% H2O  <3 

80% EtOH 

20% H2O + TFA 86 

50% EtOH 

50% H2O  <3 

50% EtOH 

50% H2O + TFA 89 

DCM  + pyridine 26 

DCM + DIPEA 22 
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3.7.4. Hydrogel blends 

 

Figure S 3-3: a) Dependency of the fluorescence intensity of K+FI immobilized in hydrogel blends on C(K+). b) 
Dependency of the dissociation constant [Kd] on blend composition.  

Table S 3.7-2: Sensing properties for the K+FI immobilized into blends of hydrogel D1 and D7. 

Hydrogel  D1 20% D7 + 
80% D1 

40% D7 + 
60% D1 

60% D7 + 
40% D1 

80% D7 + 
20% D1 

D7 

QY [0 mM K+] < 3 < 3 < 3 < 3 < 3 < 3 

QY [500 mM K+] 44 41 40 34 35 24 

QY [0.1 M HCl] 76 78 82 78 79 76 

t90 [s] 26 22 13 18 10 11 

Kd [mM] 51.8 57.4 65.3 72.5 84.5 92.0 

Kd with 150 mM 
Na+ background 

51.5 55.0 61.1 73.7 78.5 85.2 
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Figure S 3-4: a) Schematic representation of the effect of charged additives. b) Dynamic response of K+FI 
immobilized in D4 along with different long chain aliphatic sulfates and sulfonates to K+ in the absence of Na+  
background and with  150 mM Na+ background. c) Dependency of the fluorescence intensity of K+FI immobilized 
in D4 with additives on C(K+). d) Effect of sodium on the sensing properties at different concentrations. e) Double 
logarithmic plots of [(I-Imin)/(Imax-I)] vs C(K+) for the sensor materials for determination of Kd. Additive C18H29SO3

- 

shows the highest binding affinity. 

Table S 3.7-3: Effect of additives on the sensing properties of D4-immobilized K+FI. 

Polymer  D4 C12H25SO4
- C18H29SO3

- C18H37SO3
- 

QY [0 mM K+] < 3 < 3 < 3 < 3 

QY [500 mM K+] 42 55 51 37 

QY [0.1 M HCl] 77 76 76 74 

t90 [s] 13 41 64 66 

Kd [mM] 60.4 2.6 n.d. 2.7 

Kd with 150 mM Na+ background [mM] 55.0 38.9 9.2 31.4 

error caused by 150 mM Na+ at 0 mM K+ 

[deviation in mM K+] 
0.11 0.02 0.02 0.13 

error caused by 150 mM Na+ at 5 mM K+ 

[deviation in mM K+] 
0.80 -4.58 -4.57 -4.24 
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Figure S 3-5: a) Dynamic response of K+FI immobilized in D4, D4-SO3
- and a 1:1 w/w blend to K+. b) Dependency 

of the fluorescence intensity of K+FI immobilized in D4 and D4-SO3
- on C(K+). c) Influence of Na+ on the sensing 

properties at different concentrations. d) Intensities of K+FI in polyurethane hydrogels with and without 
negatively charged functionalities. 

 

Table S 3.7-4: Sensing properties of the polyurethane hydrogel modified with SO3
- groups, in comparison with 

the unmodified version.  

Polymer  D4 D4-SO3
- 50% D4-SO3

- + 
50% D4 

QY [0 mM K+] < 3 < 3 < 3 

QY [500 mM K+] 42 39 44 

QY [0.1 M HCl] 77 62 76 

t90 [s] 13 25 15 

Kd [mM] 60.4 11.1 22.6 

Kd with 150 mM Na+ background 
[mM] 

55.0 30.2 44.3 

error caused by 150 mM Na+ at 0 mM 
K+ [deviation in mM K+] 

0.11 0.40 0.43 

error caused by 150 mM Na+ at 5 mM 
K+ [deviation in mM K+] 

0.80 -3.33 -3.09 
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Figure S 3-6: Na+ concentration [mM] vs. intensity at 0 mM K+ for hydrogel D4, modified hydrogel D4-SO3
-  and 

the 1:1 blend. All polymers show an intensity increase with increasing Na+ concentration. 
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Figure S 3-7: Response of D4, pHPMA and mixtures to K+. pHPMA shows low intensities but good binding affinity 
towards K+. Blending of the highly hydrophilic polymer with a copolymer (D4) result in stable material  
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Figure S 3-8: normalized emission intensity of D4, pHPMA and pHEMA upon complexation with 500 mM K +. 
pHPMA shows aggregation phenomena visualized by the broader spectrum showing bathochromic shift. 
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Figure S 3-9: normalized emission intensity of D4, pHPMA and 70% pHEMA in D4 upon complexation with 
500 mM K+. Aggregation phenomena disappear in polymer blends with hydrogel D4.  
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Figure S 3-10: pHPMA sensor layer in 0 mM buffer solution over 5 minutes. The sensor layer increases its 
turbidity within minutes. The aggregation phenomena seen by emission spectra cannot be visualized by UV/VIS 
spectrometry due to increasing turbidity.  
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Figure S 3-11: pHEMA sensor layer in 0 mM buffer solution over 5 minutes. The sensor layer increases its 
turbidity within minutes. 
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4. Ion Sensors for Whole Blood Analysis 
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4.1. Preface for the Manuscript 

This manuscript is focused on the application of ion sensors for whole blood 

measurements. The center of attention for this chapter was on tackling the challenges for 

applying ion sensors for diagnostic applications. 

This part focuses on the development of a suitable DLR sensing system (Chapter 4.3.1) 

for ion sensors. The main properties of the BODIPY fluoroionophores are described in 

Chapter 2.8. Sub-sections of this chapter include the dependency and amount of 

reference used for the sensing system since type and amount of Egyptian blue and CrGAB 

drastically influence the resolution, in the physiological relevant concentration range. 

Concerning additives (references and TiO2) in general, a hydrophilization technique 

(ARGET ATRP) was applied to achieve better homogenization of sensing cocktails, 

resulting in a better reproducibility for the production of ion sensors. For this project, a 

novel fluoroionophore with lipophilic chains on the dye moiety was synthesized. Previous 

investigations showed that pHEMA represents a perfect matrix for ion complexation 

(Section 2.6.1), but the BODIPY dyes tend to aggregate within this matrix due to their 

high hydrophobicity. Therefore, the aim was to synthesize a new fluoroionophore with a 

higher hydrophilicity that prevents aggregation in pHEMA. The indicator tended to be a 

better suited candidate but still showed some aggregation phenomena.  Nevertheless, the 

indicator showed a better sensitivity in commercial hydrogels then previously used 

indicators. The usage of CrGAB as reference enabled the possibility to excite the sensing 

components in the blue visible spectrum, since BODIPY dyes also have an excitation band 

in the blue region. For an application in diagnostic areas, important parameters were 

checked to obtain a reliable sensing system for ions. Parameters like photostability, 

dynamics of the fluoroionophore, signal to noise ratios, storage capability, effect of 

modulation frequency and amount of referenced were optimized to an optimum.  

Since fluoroionophores were used for this project and blood temperatures vary, the 

temperature effect of the indicators (Chapter 2.2) has to be compensated. After 

evaluation of the best sensing composition, temperature calibrations were performed to 

evaluate the temperature coefficients needed to obtain reliable ion concentrations, 

measured in the solutions. 

Since the aim was to produce sensors for whole blood measurements, and the sensing layer 

is in direct contact with the media, sterilization tests were performed, to guarantee a non-
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toxic sensor, which is applied in human body. Sterilization tests showed that during 

radiation sterilization the fluoroionophore gets partly destroyed. Therefore, ascorbic acid 

was added to the sensing layer, which acts as a scavenger for radicals, enabling a 

reproducible, reliable sensing system.  
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4.2. Abstract 

Here, an improved DLR sensing system using fluoroionophores and phosphorescent 

pigments is developed. The phase angle difference for a potassium-DLR system at 37 °C 

was improved from 0.27° to 0.71°, within the physiological relevant concentration range 

(3-6 mM K+). The usage of the phosphorescent pigment CrGAB as a reference enabled the 

excitation with blue light with enhanced signal to noise ratios. Previous sensing setups 

used Egyptian Blue (λex=594 nm) as a reference, revealing a signal to noise ratio of 1:42, 

whereas CrGAB (λex=430 nm) a ratio of 1:100. Via a simple polymerization technique 

called activators regenerated by electron transfer atom transfer radical polymerization 

(ARGET ATRP) additives were modified, to obtain particles with a higher hydrophilicity. 

This modification enables better homogenization of sensor cocktails and enhanced the 

reproducibility. Calibrations were performed with different modulation frequencies, 

whereas with 0.2 w% fluoroionophore (FI) in respect to the amount hydrogel used, at 1917 

Hz, a total phase shift of 4.32° was measured and at 4000 Hz a phase shift of 7.87°. An 

additional increase in the amount fluoroionophore immobilized in the sensing foil 

(0.4 w%), yields in a phase shift of 9.21°. Storage tests were performed for evaluation of 

the shelf life of the sensing foils and revealed stable and reversible sensing dynamics within 

188 days. Photobleaching test, whereby the foil was permanently exposed to the excitation 

source for 5.5 hours, revealed a stable sensing system. A pulsing time of 100 ms 

corresponds to 200,000 measurement points. Temperature coefficients for sodium and 

potassium fluoroionophores were determined via calibrations from 32 to 39 °C. Radiative 

sterilization tests were performed with ascorbic acids, whereas a concentration of 10% of 

scavenger is needed, to guarantee stable sensing calibrations. Additionally, a novel 

hydrophilic fluoroionophore for potassium sensing was synthesized, revealing better 

sensitivities against potassium in commercially available hydrogels, D4 and D1. 

4.3. Introduction  

Potassium and sodium play a key role in human body. The function varies in signal 

transmission, muscle contraction, membrane potentials, osmotic pressure, transmission 

of nerve signals and they regulate the levels of ions in the extracellular and intracellular 

fluids (ECF/ICF gradient).12 Sodium is the dominating cation in the ECF, whereas normal 

blood values are ranging from 136 to 146 mM. Abnormal values can cause hyponatremia19 

or hypernatremia20. Potassium is the main cation for intracellular functions, whereas 
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normal values in blood are ranging from 3.5 to 5.0 mM. Any disturbances in concentration 

can cause hypokalemia22 or hyperkalemia23,26. Hence sensing of these ions is of high 

importance and the indication and evaluation of these ions for medical purpose is 

necessary.167  

Common methods measuring potassium and sodium include, flame atomic absorption 

spectroscopy (FAAS)168,169 and the ion selective electrode (ISE)79,80,170–172. Both methods, 

suffer from two main drawbacks. First, these methods require a sample preparation which 

is tedious and error prone. For example, a delayed separation causes a leakage of 

potassium from cells. That effect causes the concentration of potassium increases up to 

0.4 mM per hour. Such tremendous errors in diagnostics can lead to misinterpretation of 

data, guiding to the assumption patients suffer from hyperkalemia, but patient do not 

manifest signs of hyperkalemia. This misdiagnosis is known under the term 

pseudohyperkalemia.173 The second disadvantage of FAAS and ISE is that the analysis is 

too time-consuming. Intensive care patients often need medication within minutes. 

Current evaluation of ions in blood takes by far too much time for timely action. Therefore, 

a less error-prone and faster analysis method and technique is needed, to prevent the 

above-mentioned disadvantages of current analysis for ions in blood. 

In this project we developed an on-line monitoring system for ions in blood. With the use 

of sodium and potassium fluoroionophores a DLR based sensing system is developed 

which enables real-time analysis of ions. Since the basic principle of fluoroionophore based 

optical sensors is already well investigated, the focus was to develop further the sensors, 

to be someday applicable for whole blood measurements. The main focus of this project 

was to investigate, the temperature dependency, effects and adjustment of additives 

(reference, TiO2), sterilization test, photobleaching tests, shelf life and signal to noise 

ratios of the sensing layers. Additionally, a novel fluoroionophore was synthesized with 

enhanced sensing dynamics for potassium in the physiological relevant concentration 

range. 
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4.3.1. Dual Lifetime Referencing (DLR) 

Various absorption based sensitive ion dyes have been reported in literature.141  These 

sensors are in general limited on a special format, although they are explained by their 

simple method. Due to their limitation, such chemo-sensors additionally suffer from one 

main problem. Light from the excitation source is not only absorbed by the sensing media, 

but also from the sensor surface, causing interferences. Moreover, optical components, for 

example connections between fibers and filters may cause difficulties in quantification of 

the sensor signal. Because of the above-mentioned drawbacks, measurements of ions in 

tissues and cells, also called scattering media, are virtually impossible.  

Fluorescent ion indicators gained more and more attention in recent years, since they show 

higher sensitivities and less interferences with light. Furthermore, such indicators are 

compatible with referenced sensing techniques, enabling dual lifetime referencing 

(DLR)174 in various formats (planar optodes, nanoparticles, fiber-optic sensors and 

microsensors.104,126,175 

DLR represents a special version of phase shift measurement systems. DLR converts 

varying fluorophore intensity signals, into phase shift changes. Phase shift changes can be 

measured with phase fluorimetry systems, which work within the kHz range. In DLR, two 

signals overlap at the same wavelength range. One signal is acting as a reference (inorganic 

phosphor), which has a long lifetime, where neither the intensity, nor the phase shift is 

influenced by any present analyte. The other signal represents the fluorophore signal. The 

overlap of those signals is measured and represents the indicator dye signal, depending on 

the present analyte concentration.
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Figure 4-1: DLR signal development at low a) and high b) indicator fluorescence emission (blue). 

In Figure 4-1, a low and a high indicator emission signal is shown. Case a) represents a 

low emission-intensity, derived from the indicator, resulting in a high phase shift. Case b) 

represents a high ion concentration, resulting in a low phase shift and a high emission 

intensity from the indicator. Important to note is that the reference signal is not changing 

and held constant for both scenarios. This crucial characteristic is a key parameter, since 

changing intensities and phase shifts affect the reproducibility. The overlapping signal is 

the sum of both emissions, whereas by alternating ion concentrations the phase shift 

varies, which can be measured. In order to obtain a reliable calibration system a few 

considerations need to be made: 

• Both indicators (reference and fluoroionophore), emit within the same wavelength 

range 

• The reference has to be inert towards changes in analyte concentration 

• Composition adjustment to obtain a high phase shift split within the concentration 

range 

Within this thesis, DLR was used for the determination of ions in blood. A measurement 

system was developed, with either inorganic phosphors Egyptian blue or Cr-GAB. With the 

used DLR measurement system, reversible and reproducible measurements of potassium 

and sodium are established. The effects of modulation frequency and the composition of 

the sensing foils on the sensing properties are investigated. With this research, reliable 

measurements of potassium and sodium are accomplished, and successfully applied in a 

sensing device. 
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4.4. Results and Discussion  

This project includes fluoroionophores, which can be used for blood measurements. The 

reversibility and compatibility of fluoroionophores with commercially available hydrogels 

is already proven.117,118,176 In this project, sensing setups were tested and optimized on the 

purpose for using fluoroionophores as ion-sensors for whole blood measurements. 

Therefore, the sensors were tested on different properties and compositions, which are 

typically not included in traditional sensor development. A classical one-layer sensor 

consists of hydrogel, indicator and a reference, enabling DLR measurements. All sensors 

presented in this thesis consist of a composition, indicated in Figure 4-2, with either a 

potassium or sodium fluoroionophore. A fluoroionophore (FI) is immobilized in 

combination with a reference (Egyptian blue or CrGAB) in a hydrogel, resulting in a 

cocktail, which is dispersed until a homogeneous distribution is achieved. After knife-

coating the resulting foils were placed under the fume hood until the solvent is evaporated. 

Calibration solutions consist of 20 mM TRIS/HCl buffer (pH 7.4) with different potassium 

or sodium concentrations. Potassium calibrations for all measurements shown this 

chapter were performed with 150 mM sodium background, simulating physiological 

conditions. 

 

Figure 4-2: a) potassium fluoroionophore b) sodium fluoroionophore c) General sensor composition for the DLR 
measurements. 
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The sensing foils were characterized either using the fluorolog (measurement of 

fluorescence emission and excitation), the lock-in amplifier (measurement of 

luminescence phase shift and amplitudes) or a special flow through cell, which can be 

tempered in a climatic chamber (measurement of luminescence phase shift and 

amplitudes). 

4.4.1. Starting point  

At the beginning of the project, sensor foils containing 10 w% Egyptian blue and 0.2 w% 

potassium fluoroionophore were used in respect to hydrogel D4. For simulation of 

physiological conditions, the sensors were implemented in the climate chamber and 

calibrated at 23 °C and 37 °C. The reason for this experiment was that crown-ethers show 

a huge temperature dependency. The binding constants is decreasing with increasing 

temperature and the sensitivity of the sensor drops. In Figure 4-3 the temperature effect 

is shown for a sensor calibrated at different temperatures. One sensor additionally 

contains a pHEMA protecting layer. This layer is required to ensure that the sensor and 

the sensing media are not in direct contact. In typical sensor development a protective 

layer is not necessarily required. For blood measurements and real application to humans, 

a protective layer is crucial. In order to develop an ion sensor for blood measurements, one 

of the key parameters is to prevent any leakage from the sensing layer. Although 

fluoroionophore based sensors hardly show leakage problems a protective layer eliminates 

last doubts.  

 

Figure 4-3: Potassium sensor calibrated at 23°C and 37°C. An increase in temperature results in a reduced 
resolution. 

Figure 4-3 shows that the use of a protective layer increases the phase angle for all 

calibration solutions at 23 °C and 37 °C. In Table 4-1, the calculated phase shifts between 
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0 and 10 mM potassium are given. As expected, the sensitivity drops with increasing 

temperature. At 37 °C the sensitivity drops almost by half compared to 23 °C. This effect 

is shown for both, the foil with, and the one without a protecting layer and is related to the 

reduced complex stability described in Chapter 2.2. 

Table 4-1: Phase angle differences for a potassium sensor calibrated at 23°C and 37°C. 

Temperature 23°C 37°C 

Δ°(0-10mM) with pHEMA 5.20 2.74 

Δ°(0-10mM) without pHEMA 7.29 3.64 

   

Furthermore, the use of pHEMA as a protecting layer makes the absolute intensity values 

drop, which might be the reason why the phase shift is lowered compared to a foil without 

a protecting layer. The increased hydrophilicity of the sensing foil increases the ion 

concentration within the foil, but the absolute sensing intensity dynamic of the 

chromophore is reduced resulting in a lowered phase shift. This was already shown by 

investigations in Chapter 3 were highly hydrophilic foils showed reduced absolute 

intensities. The following chapters are concerned with one main goal, which was the 

improvement of the sensitivity of potassium sensors. For comparability all measurements 

including phase angle measurements were performed at 37 °C. 

4.4.2. Composition dependency - Egyptian blue 

Via variation of the amount of Egyptian blue, the aim was to increase the phase shift in the 

physiological potassium concentration. All foils were prepared exact the same way, 

whereas the amount of reference was varied (10 w%; 7 w%; 5 w%; 2 w%) in respect to the 

amount hydrogel. The calibrations are illustrated in Figure 4-4. With increasing amount 

of reference, the absolute phase angle is increasing. This phenomenon is explainable with 

the DLR sensing system (the fluoroionophore shows slight fluorescence at 0 mM 

potassium) and the theory is described in Chapter 4.3.1.  
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Figure 4-4: Calibration of a potassium sensor foil with different amounts of reference, Egyptian blue. 

Some things need to be considered, using fluoroionophores for potassium measurements. 

Since the dynamic potassium concentration in blood is between 3 and 7 mM and the 

sensing dynamic of the indicator is far beyond such low potassium concentrations, it 

makes sense to adapt the amount of reference in the sensing foil. In Table 4-2 it can be 

seen that with increasing amount of Egyptian blue, the phase shift is decreasing. This 

experiment indicated that the ratio and the overlap of the two signals derived from 

indicator and reference is at best at 2 w% Egyptian blue (3.80°), whereas at 10w% the 

phase separation is low (2.10°).  

Table 4-2: Phase angle differences between 0 and 10 mM potassium at different amounts of reference used. 

w% EB 10% 7% 5% 2% 

Δ°(0-10mM)  2.10 2.54 3.35 3.80 

 

4.4.3. Usage of Hydrophilic Phosphorescent pigments 

For further improvement of the sensitivity, the reference was modified in a three-step 

synthesis to obtain an Egyptian blue with a hydrophilic character. The modification is 

visualized in Figure 4-5. Via a simple polymerization technique, called activators 

regenerated by electron transfer atom transfer radical polymerization (ARGET 

ATRP)177,178, the reference is modified to obtain Egyptian blue particles with a higher 

hydrophilicity. The surface of Egyptian blue was activated in the first step with an amino 
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silane (APTES; (3-Aminopropyl) triethoxysilane). In this case, N-Hydroxyethyl 

acrylamide (HEAA) and 4-Acryloylmorpholine (AM) are used for end group capping.  

 

Figure 4-5: Top: Used reagents for the hydrophilization. Bottom: Illustration of the hydrophilization of Egyptian 
blue. 

The reason for the hydrophilization was, that the hydrophobic reference (unmodified) 

possibly is switching on fluorescence of the fluoroionophore and hence reducing the 

sensing dynamic of the indicator. This means, that the indicator is more fluorescent at 

0 mM potassium reducing the overall sensing dynamic. To verify this theory, a foil with 

hydrophilic Egyptian blue was calibrated and compared with the unmodified reference 

(Figure 4-6). 
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Figure 4-6: Comparison of an unmodified and a hydrophilized reference, Egyptian blue. 

Table 4-3: Phase angle differences of a hydrophilic and hydrophobic reference. 

2 w% EB hydrophilic hydrophobic 

Δ°(0-10mM)  4.30 3.94 

 

As can be seen from Figure 4-6 and Table 4-3, the modification has a slight positive 

effect, the phase shift increased from 3.94° to 4.30°. Fluorescence calibrations showed 

similar dynamics of the sensor foils, revealing that the hydrophobic Egyptian blue does not 

switch on fluorescence of the fluoroionophore. Investigations of a modified hydrophilic 

phosphorescent pigment yield in slightly better phase shift within the physiological range 

for potassium. It was not achieved to gather an enormous improvement, which was 

normally expected.  

Nevertheless, a positive effect was indeed achieved. Since the prepared cocktails contain a 

mixture of ethanol and water, the cocktails are quite polar. During the suspension with the 

use of a magnetic stirrer, cocktails with a better homogeneity are achieved. Furthermore, 

after removing the stirring bar, the suspensions were more stable, resulting in a more 

reproducible and user-friendly preparation procedure.  
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4.4.4. Novel potassium fluoroionophore with enhanced hydrophilicity 

Previous experiments showed that fluoroionophores display different sensitivities in 

various hydrogels, polymers and polymer blends. (Chapter 3) For example, pHEMA and 

pHPMA represent promising polymer matrices for ion measurements. Nevertheless, using 

water swellable polymers can cause some problems. Since the fluoroionophore used in 

previous studies has a quite hydrophilic character (crown-ether receptor) and a quite 

hydrophobic character (dye moiety), the possibility of aggregation of the indicator is given. 

As a consequence, unstable sensing foil are obtained. Therefore, the idea was to synthesize 

a fluoroionophore with an improved hydrophilicity (Figure 4-7) on the dye moiety in 

order to overcome any aggregation in the corresponding matrix.  

 

Figure 4-7:  Structures of fluoroionophores used for calibrations in different matrices, hydrogel D4 and D1.  

Figure 4-7 shows calibrations of two indicators in different hydrogels. Indeed, even 

though the same ion complexing moiety is used, the more hydrophilic fluoroionophore 

shows a higher sensitivity, in both hydrogel D1 and D4. Because the hydrophobic indicator 

showed higher sensitivities in pHEMA, the hydrophilic indicator was immobilized in 

different concentrations (0.2; 0.4; 0.6 and 0.8 w%) in pHEMA. As expected, the 
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hydrophilic indicator indeed showed an improvement in the sensitivity, and the most 

important measurements are shown in Figure 4-8. A 0.4 w% hydrophilic 

fluoroionophore was immobilized in pHEMA and stored in a 0 mM TRIS buffer (pH 7.4). 

Over time, absorption spectra were recorded to reveal any change in the spectrum. As can 

be seen the absorption spectra drastically changes over six days, uncovering that pHEMA 

does not represent a promising matrix. In Figure 4-8, graphs a) and b) instead show that 

measurements in a commercial hydrogel show full reversibility and promising results. 

Fluorescence measurements in 0.1 M HCl represent the maximum fluorescence potential 

of the indicator in this polymer matrix.  

Additionally, phase angle measurements were performed in hydrogel D1 at 25 °C, showing 

similar sensitivity compared to the hydrophobic indicator. An increase in temperature to 

37 °C resulted again in a drop of the phase angle shift. Due to the difficult synthesis of the 

precursor as well as the unknown and unsure stability of the indicator in various matrices 

the investigations of the hydrophilic fluoroionophore for blood sensing purposes was no 

longer followed. 

 

Figure 4-8: a) Aggregation off the hydrophilic fluoroionophore in pHEMA in buffer solution over 6 days. The 
measurements show that pHEMA represents an unstable matrix for this indicator. b) Calibration of the 
hydrophilic FI in hydrogel D1 with 250 mM sodium background. The 0.1 M HCl represents the fluoroionophores 
full potential within this matrix. c) Kinetic measurements in D1. The synthesized indicator showed full reversibility. 
d) Phase angle measurements of the FI in hydrogel D1 at 25°C. 
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4.4.5. Implementation of Cr-GAB with enhanced spectral properties 

The previously used system with Egyptian blue as a reference for DLR measurements has 

some drawbacks. In Figure 4-9 the excitation and emission spectrum of both, the 

reference and the fluoroionophore is shown. The excitation maximum of the reference is 

at 618 nm, whereas the one from the fluoroionophore at 638 nm. Egyptian blue reveals a 

large stokes shift of about 288 nm. The fluoroionophore a small one, 17 nm. The previously 

shown measurements require a large spectral window. Because of that, a system like that 

is error prone due to interferences derived from blood. 

 

Figure 4-9: Excitation and emission spectrum of Egyptian Blue and the used fluoroionophore. 

 

An ideal reference for BODIPY dyes preferably needs a smaller stokes shift and a second 

excitation band in the blue region, since BODIPY fluoroionophores can also be excited in 

the range from 400 to 450 nm. CrGAB has two excitation bands, one at 423 nm and the 

other at 590 nm, shown in Figure 4-10. The emission maximum of CrGAB is at 749 nm 

and therefore closer to the emission maximum of the fluoroionophore. The 

implementation of such reference in a final sensor setup would result in reduced 

interferences. Because of the reduced spectral window, an advanced optical setup could be 
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used, which reduces interferences derived from blood and wavelength dependent 

phenomena can be minimized.  

A second advantage of CrGAB over Egyptian blue is the second excitation band at 423 nm. 

A change to an excitation in the blue range of the visible spectrum is possible because 

BODIPY-dyes also have an excitation region ranging from 390 to 450 nm. The main 

advantage of an excitation in this region is that the whole emission spectrum can be 

detected since no overlap of the excitation light with the fluorescence emission takes place. 

This would result in higher amplitudes during measurements and in the best case, in a 

higher resolution of the whole sensing system. 

 

Figure 4-10: Excitation and emission spectrum of CrGAB and the used fluoroionophore. 

 

Compatibility measurements with Cr-GAB 

Since developing a new sensing setup with an excitation in the blue region is quite time 

consuming, the new sensing foils with CrGAB as reference were tested using the red 

excitation source, at the beginning. In Figure 4-11 calibrations of two sensing foils are 

shown. These foils contain 0.2 w% fluoroionophore, 40w % CrGAB in hydrogel D4; and a 
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one to one blend of D4 and pHPMA. The pure hydrogel D4 achieved a phase shift of 3.95° 

between 0 and 10 mM potassium and achieved similar results compared to Egyptian blue. 

Blending D4 with pHEMA in a one to one ratio resulted in a total phase shift of 6.69° and 

confirm the results displayed in Chapter 3. In summary, CrGAB revealed as a possible 

reference for measurements in blood analysis. Additionally, to the above-mentioned 

advantages this system, enables the excitation in the red and in the blue region of the 

visible spectrum.  

 

Figure 4-11: Two DLR sensor foils with the containing 0.2 w% FI, 40w% CrGAB in hydrogel D4 and a blend of 
D4/pHPMA 50/50 were calibrated at 37°C. The blended foil reveals a higher phase angle difference, due to 
higher water uptake of the sensing foil. 

 

Sensor composition and the effect of the modulation frequency  

In this part two different sensing foils containing 0.2 and 0.4 w% fluoroionophore in 

pHPMA/D1 50/50 with 100 w% CrGAB were calibrated with a modulation frequency of 

1917 Hz and 4000 Hz. In Figure 4-12 and Table 4-4 the measurements are summarized. 

Calibration using 0.2 w% fluoroionophore and 100 w% CrGAB yield in a phase shift of 

4.32° (1917 Hz; 0-10 mM K+). An increase of the modulation frequency to 4000 Hz results 

in phase shift to 7.87°. The demodulation of the reference causes an increase of the phase 

shift, which also amplifies that current ratio between indicator and reference is not at its 

optimum.  

Comparing 0.2 w% and 0.4 w% fluoroionophore at 1917 Hz, the measurement and the 

summary in Table 4-4 shows, that an increase in the amount of fluoroionophore, 
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increases the phase shift and hence resolution. Although an increase of the modulation 

frequency results in a decrease of the amplitude for both 0.2 and 0.4 w% fluoroionophore, 

the overall increase in the phase shift for blood measurements is predominant.  

 

Figure 4-12: Calibration using different amounts of fluoroionophore at 1917 and 4000 Hz. a) Phase angle vs. 
Time. b) Amplitude vs. Time. 

Table 4-4: Summary of the calibrations with varying amounts of fluoroionophore and different modulation 
frequencies.  

amount FI [w%] 0.2 0.2 0.4 0.4 

Frequency 

[Hz] 

1917 4000 1917 4000 

Δ phase shift° 

[0-10 mM] 

4.23 7.87 5.08 9.21 

Δ amplitude 

[0-10 mM] 

0.48 0.38 0.47 0.40 

 

Immobilization of scattering particles - final sensor composition 

In this section the aim was to adjust the amount of CrGAB in hydrogel D4 foils and 

introduce TiO2 particles to achieve the best sensing setup for measurements within the 

physiological blood range for potassium. Figure 4-13 a shows with decreasing amount of 

reference the phase angle is decreasing, whereas the phase shifts are increasing from 0.64° 

(100 w% CrGAB) to 1.23° (40 w% CrGAB) between 3 and 6 mM potassium.   

The effect of TiO2 as scattering additive is shown in Figure 4-13 b. TiO2 acts as an 

amplifier of all signals derived from the sensing foils, resulting in an improvement of the 

overall sensing signal, for all sensing components. Sensing foils containing 
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100 w% CrGAB, mostly the emission of the reference material is amplified. Similar results 

are achieved in foils without TiO2. Adjusting the ratio between reference and indicator 

results in a positive effect when scattering particles are used. Higher phase shifts between 

3 and 6 mM potassium are achieved compared to foils without TiO2.  

This experiment intensifies, that for a composition of 0.2 w% fluoroionophore and 40 w% 

CrGAB the enhancement factor for the fluoroionophore is more pronounced, then for the 

reference. In summary, this results to a better sensing setup for blood analysis.  

 

Figure 4-13: a) Variation of amount reference used within the sensing foils at a modulation frequency of 1917 Hz. 
b) Effect of TiO2 to the Phase angle difference between 3 and 6 mM K+.  

A stable and reproducible sensor signal was achieved with 40 w% reference within the 

sensor foil, all future experiments were made using this sensor composition. To achieve 

the best resolution of the sensing system the modulation frequencies in the next graph 

were varied to obtain a better sensitivity of the DLR system.  

Figure 4-14 shows that, with increasing modulation frequency the phase angle 

continuously increases and the phase shift is increasing as well, whereas best 

measurements were performed at a modulation frequency of 4000 Hz. With this 

experiment the total phase shift was nearly doubled from 1.20 to 2.14°, between 3 and 

6 mM potassium. 
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Figure 4-14: a) Sensing foil containing 0.2 w% FI, 40 w% CrGAB and 100 w% TiO2 at different modulation 
frequencies. b) Phase angle difference between 3 and 6 mM K+. The modulation frequency behaves linear with 
the sensing dynamic. 

At the beginning of this project the maximum phase shift achieved at 37°C was 0.27° per 

mM potassium. The final sensing composition and sensing setup achieved a maximum of 

0.71° per mM potassium. The sensing setup during this project was improved by a factor 

of 2.6, which is quite remarkable, thinking about all components playing a pivotal role for 

ion sensing. 
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4.4.6. Sterilization tests for blood applications 

Implementing ion sensors for blood measurements requires additional steps for a real-life 

application. Sterilization is part of those steps, to ensure a non-poisoning contact surface 

between blood and the sensing layer. During this step, the DNA of all existing 

microorganisms is destroyed or inactivated. Radiation sterilization is a process enabling 

products (in this case sensing foils) to be sterilized without an increase in temperature and 

without the use of chemicals. Therefore, radiation sterilization is a perfect method to 

sterilize products, which are in direct contact with body fluids. Furthermore, radiation 

sterilization is an effective, simple and environmentally friendly alternative to other 

conventional methods. 

Former research has shown that BODIPY-fluoroionophores are partly destroyed during 

sterilization processes. The use of ascorbic acid inhibits this effect and is therefore 

mandatory. Ascorbic acid is one of the most powerful reductant and radical scavenger. It 

is able to reduce stable oxygen, thiyl and nitrogen radicals. Additionally, it is naturally 

occurring in our blood and it is used as a defense against any kind of formed radicals in 

our body.179,180  

For evaluating the optimum amount of ascorbic acid needed within the foils, different 

concentrations of the additive are added, sterilized and calibrated with the use of a lock-in 

amplifier. By comparing the amplitudes and phase angles with an unsterilized foil, it is 

possible to evaluate the amount of ascorbic acid needed for an effective sterilization 

process. The foils contained 0.2w% fluoroionophore, 100 w% TiO2, and 40 w% CrGAB in 

a Hydrogel D4. The concentration of ascorbic acid varied from 0 to 10%.  

Unsterilized foils were packed identical as the foils for sterilization and stored at 7 °C. After 

receiving the sterilized foils, all sensors were unpacked and calibrated identically, using 

the lock-in amplifier. 

Calibrations using the lock-in amplifier 

Calibrations were performed at room temperature with a modulation frequency of 

1917 Hz. In Figure 4-15, a foil with 5 % ascorbic acid is shown. By comparing the 

amplitude difference of the sterilized (∆= 12.2 mV) and the unsterilized (∆= 11.4 mV) 

between 3 and 6 mM potassium, it can be seen that both indicators increase their 

fluorescence emission. In contrast, the total amplitude values already dropped from 
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180 mV to about 120 mV at 10 mM potassium. This indicated that still quite a huge 

percentage gets destroyed during sterilization. The phase separation drops from 3.58° 

(unsterilized) to 1.52° (sterilized). A similar effect can be observed by comparing the 

absolute change of the phase angle at 0 mM potassium. The unsterilized foil shows a phase 

angle of 32° and the sterilized a phase angle under 22°, which corresponds to an absolute 

change of 37%. This effect is usually not expected. The amplitude sinks and the phase angle 

rises, which might be due to the reason that indicator molecules are attacked during 

sterilization and cause permanent fluorescence upon excitation. 

 

Figure 4-15: Calibration of a potassium sensitive foil containing 5% ascorbic acids, sterilized (red) and unsterilized 
(black). Concentration vs. a) phase angle and b) amplitude. 

If 10% ascorbic acid (Figure 4-16) is used, amplitudes behave similar then foils with 5% 

ascorbic acid, with a minor total amplitude loss of the sterilized foil. Using this ascorbic 

acid concentration results only in a minor phase angle splitting loss. In the physiological 

range a difference of 3.23° was determined for the sterilized foil, whereas 3.72° was 

determined for the unsterilized version.  
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Figure 4-16: Calibration of a potassium sensitive foil containing 10% ascorbic acids, sterilized (red) and 
unsterilized (black). Concentration vs. a) phase angle and b) amplitude. 

Summing up, lock-in measurements using 10% ascorbic acid within the sensor foils is 

recommended for radiation sterilization. Although a small portion of fluoroionophore still 

is destroyed, the phase angle only differs 5% in the absolute values and similar differences 

between the physiological potassium concentration were measured. 

DLR measurements at 37°C of sterilized foils  

DLR measurement of sterilized foils were performed at 37°C and physiological conditions 

with the final sensor foil composition. The foils contained 0.2 w% fluoroionophore, 40 w% 

CrGAB and 100 w% TiO2 in respect to the used hydrogel D4. The evaluated and best 

modulation frequency was determined previously to be 3967 Hz.  

In Figure 4-17 an example of a sensor foil is given to demonstrate the effect what occurs 

if no ascorbic acid is used for sterilization. The sterilized foil without ascorbic acid shows 

nearly no phase separation between 3 and 6 mM potassium (0.1°). This effect was 

expected, since BODIPY-fluoroionophores are destroyed during radiation sterilization, if 

no radical scavenger is used. The calibrated unsterilized foil works fine. A phase splitting 

in the range of 2.43° is in the range which was determined previously by optimization 

experiments. 
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Figure 4-17: DLR measurements of a sensing foil without ascorbic acid. a) sterilized. b) unsterilized. 

 

Similar to the lock-in measurements, a foil with 10% ascorbic acid (Figure 4-18) show 

best results. Since the unsterilized foil shows a deviation of 2.26°, the sterilized foil shows 

a deviation of 1.91° between 3 and 6 mM potassium. 

 

Figure 4-18: DLR measurements of a sensing foil with 10% ascorbic acid. a) sterilized. b) unsterilized. 

 

The difference between the phase separation of the lock-in measurements (23°C) and the 

measurements at physiological conditions (37°C) is explained in the next section, which is 

concerned with temperature effects and the evaluation of the temperature coefficients. 

 

4.4.7. Temperature influence and compensation 

The stability of the complex is represented by the stability constant (Ks), which describes 

the equilibrium between the receptor (host, H) and the analyte (guest, G) to form a 
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complex (HG) described in Chapter 2.2. Complexation of analytes is always connected 

to energy and therefore the temperature affects the effectivity of the binding event. 

Therefore, crown-ethers display a high temperature dependency. The binding constant is 

decreasing with increasing temperature and therefore the sensitivity of the ion indicator is 

changed. Hence, the temperature also affects the phase angle and the phase change upon 

concentration changes. Because of that, temperature compensation is not only of high 

interest but also mandatory in a practical application of an ion sensor for blood analysis.  

In Figure 4-19 a temperature calibration is shown. A sensor was calibrated from 30 to 

38 °C. During temperature changes the sensor was stored under a 3 mM potassium buffer 

solution. At each stage a 6 mM potassium solution was screened for visualization of the 

temperature effect. It can be seen that the binding constants decrease with increasing 

temperature. 

 

Figure 4-19: a) Phase angle measurements for evaluation of the temperature dependency of a potassium 
sensor from 30 to 38°C. b) Plot potassium concentration vs. phase angle. The sensor shows a linear behavior for 
all temperatures. c) Phase angle differences in the physiological relevant region against the temperature.  
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By plotting of the phase angle versus the concentration of the current temperature a linear 

behavior was determined. Additionally, by plotting the phase angle differences versus the 

temperature shows a linear behavior (Figure 4-19).  

From both linear equations a connection is derived: 

         𝒄 =
𝒅𝑷𝒉𝒊−(𝒅+𝒅𝑻∗(𝑻−𝟑𝟕))

𝒌+ 𝒌𝑻∗(𝑻−𝟑𝟕)
                                   Equation 4-1 

 

c  ion concentration [mM] 

dPhi  phase angle [°] 

d  intercept at 37°C 

k  slope at 37°C 

dt  correction factor for intercept  

kt  correction factor for slope  

T  temperature [°C] 

 

The formula (Equation 4-1) describes the slope k and the intercept d of the calibration at 

37°C. kT and dT are the correction factors per °C. Depending on the deviation of the current 

blood temperature, the temperature effect can be compensated, and the actual ion 

concentration is calculated. 

Table 4-5: Calculated temperature coefficients for a potassium and sodium sensor. 

coefficient sodium potassium 

dT  0.3341 0.3296 

kT 0.0009 0.0210 

k (37°C) -0.0463 -0.6715 

d (37°C) 47.6838 46.6875 

 

An example of a temperature calibration is given in Figure 4-20. In this case the 

hydrophilic fluoroionophore described in Section 4.4.4 was calibrated from 33 to 39 °C 

and from 0 to 10 mM potassium. The coefficients for the compensation of the temperature 

effect can be determined, using the temperature, concentration and the phase angle. 
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Figure 4-20: Example of a temperature calibration (0.4 w% hydrophilic FI, 40 w% CrGAB, 100 w% TiO2 in hydrogel 
D1 and an extract of the data evaluation for the determination of the temperature coefficients. 
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4.4.8. Additional investigations for whole blood ion sensors 

Signal to noise measurements 

The change of the phosphorescent pigment from Egyptian blue to CrGAB offered the 

possibility to excite the reference and the fluoroionophore with a red or blue excitation 

light. In order to check what kind of excitation wavelength shows the best effort, signal to 

noise measurements were performed. With the use of the lock-in amplifier, a 0.2 w% 

fluoroionophore, 40 w% CrGAB and 100 w% D4 foil was investigated with a 430 nm and 

a 590 nm LED. After the excitation by the LED, a BG39 filter (2 mm), and after the foil, an 

RG 640 filter (2 mm) with a primary red foil was adjusted. In Figure 4-21, the lock-in 

measurement setup is shown. 

 

Figure 4-21: a) lock-in amplifier (SR830 DSP, Stanford Research) connected with an optical fiber and PMT. b) 
Visualization of the inlets for optical filters and an example of an optical filter. 

From Table 4-6 the results of the different excitation sources are shown. A foil without 

reference and fluoroionophore was used to measure the background of the setup. Values 

derived from different excitation measurements were used to calculate the signal to noise 

ratio. The use of an excitation source in the blue range of the visible spectrum is favored 

since the signal to noise ratio more than double compared to the excitation at 590 nm. 

Furthermore, the overall signals derived from the sensing foil signals are nearly three 

times higher. 
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Table 4-6: Signals from a TiO2 foil and a sensor foil for evaluation of the noise to signal ratio.  

Excitation LED 

[nm] 

 TiO2-foil 

(noise) 

 

Sensor foil 

(signal) 

Ratio  

noise/signal 

430 0.6 60.0 1:100 

590 0.5 21.1 1:42 

 

For evaluation of the optimum excitation wavelength additionally measurements using the 

fluorolog were performed. (Figure 4-22) Therefore, a special mount was 3D printed to 

adjust a commercially available LED with different excitation wavelengths. Similar to the 

experiment at the lock-in, filters similar to the final blood sensor measurement setup were 

used. Transmission filters were used to prevent the PMT to overload.  

In Table 4-7 the results are listed. An excitation with a 422 nm LED seems to be the best 

solution, whereas with increasing red-shift in the spectrum, noise to signal ratios drop. 

 

Figure 4-22: a) Simplification of the sensing setup used at the fluorolog for determination of background to 
noise ratios for different excitation wavelength’s. b) Measured spectrums from the LED excitation sources used 
for the measurements. 
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Table 4-7: Results of the performed background to noise measurements. Excitation of the indicator with a 
422 nm Led results in best ratios, for this setup.  

Excitation LED 

[nm] 

Ratio noise/signal 

408 1:28 

422 1:93 

432 1:87 

445 1:80 

460 1:61 

594 1:60 

 

Photobleaching tests 

Since a change in the excitation wavelength to the blue range of the visible spectrum comes 

in hand with higher energies, a sensor foil was tested regarding its photostability using the 

lock-in amplifier. Therefore, a sensor foil was adjusted the same way like previously shown 

in the signal to noise experiments, in the amplifier and calibrated at different potassium 

concentrations. The foil was permanently exposed to the excitation source for 5.5 hours. A 

pulsing time from 100 ms would correspond to 200,000 measurement points. The 

calibration is displayed in Figure 4-23 and stable signal differences for all buffer 

concentrations are obtained. Photobleaching of the sensor via illumination with a blue 

excitation source can be excluded. 
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Figure 4-23: Photobleaching experiment performed at the lock-in amplifier for determination of the 
photostability of the fluoroionophore at an excitation with blue light. 

 

Shelf life of ion sensors 

In this project the storage stability of sensor foils was investigated. This subfield of sensor 

development is especially important for sensors applied in human diagnostics since errors 

can cause a tremendous impact in medication of patients. Therefore, this part was 

extensively studied to prevent any misconducts due to sensor failure. The sensor foils were 

tested with fluorescence-based calibrations and phase angle measurements at 37°C. After 

2, 25, 66 and 188 days, measurements of the stored foils were performed. 

Overview of performed tests: 

• Investigation of influences derived from additives in a fluoroionophore foil 

(TiO2/CrGAB/TiO2+CrGAB) 

• Storage behavior under dry conditions at 7 °C 

Foils with different compositions were prepared: 

• 0.2 w% FI in D4 

• 0.2 w% FI in D4 + 40 w% CrGAB 

• 0.2 w% FI in D4 + 100 w% TiO2  

• 0.2 w% FI in D4 + 100 w% TiO2 + 40 w% CrGAB 

Following tables and figures contain calibration curves and data of the proceeded 

measurements. During all experiments the same buffer composition was used and the foils 
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were always calibrated with the same procedure. Measurements performed using the 

fluorolog may suffer from slight temperature deviations (± 3°C) since they were calibrated 

at room temperature. The fluoroionophores complex stability is temperature dependent 

and already discussed in Section 4.4.7. Slight deviations of the calibration curves might 

be due to this effect.  Throughout all the measurements, there was no sensor failure. After 

188 days storage, the response of the fluoroionophore is similar for all combinations of 

additives and show reproducible results. 

 

Figure 4-24: a) calibrations of a foil containing 0.2 w% FI in D4 after 2, 25, 66 and 188 days. b) calibrations of a 
foil containing 0.2 w% FI and 100 w% TiO2 in D4 after 2, 25, 66 and 188 days. c) calibrations of a foil containing 
0.2 w% FI and 40 w% CrGAB in D4 after 2, 25, 66 and 188 days. d) calibrations of a foil containing 0.2 w% FI, 
40 w% CrGAB and 100 w% TiO2 in D4 after 2, 25, 66 and 188 days. 

Table 4-8: F/F0-values from the calibration containing 0.2 w% FI in D4 after 2, 25, 66 and 188 days. 

Potassium concentration [mM] 2 days 25 days 66 days 188 days 

0 1.00 1.00 1.00 1.00 

3 1.68 1.50 1.69 1.68 

6 2.28 2.07 2.30 2.24 

10 2.96 2.61 3.02 3.07 

500 13.57 12.63 12.52 12.39 
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Table 4-9: F/F0-values from the calibration containing 0.2 w% FI in D4 and 100w% TiO2 after 2, 25, 66 and 188 
days. 

Potassium concentration [mM] 2 days 25 days 66 days 188 days 

0 1.00 1.00 1.00 1.00 

3 1.41 1.50 1.65 1.64 

6 1.98 2.07 2.61 1.99 

10 2.75 2.82 3.17 2.94 

500 14.06 15.48 15.74 15.19 

 

Table 4-10: F/F0-values from the calibration containing 0.2 w% FI in D4 and 40 w% CrGAB after 2, 25, 66 and 188 
days. 

Potassium concentration [mM] 2 days 25 days 66 days 188 days 

0 1.00 1.00 1.00 1.00 

3 1.53 1.37 1.67 1.78 

6 2.05 1.87 2.32 2.23 

10 2.59 2.58 2.97 3.45 

500 14.68 14.34 16.32 17.46 

 

Table 4-11: F/F0-values from the calibration containing 0.2 w% FI in D4, 40 w% CrGAB and 100 w% TiO2 after 2, 
25, 66 and 188 days. 

Potassium concentration [mM] 2 days 25 days 66 days 188 days 

0 1.00 1.00 1.00 1.00 

3 1.49 1.47 1.57 1.69 

6 2.07 1.99 2.35 2.16 

10 2.90 2.68 3.07 3.14 

500 14.61 13.95 16.76 15.49 

 

Phase angle measurements were performed at 37°C. Foils were compared after 2 days and 

188 days if any kind of alteration was recognized. Figure 4-25 shows an example of a 

calibration performed after storage. In all cases the sensors were fully reversible, and no 

significant differences or trends are observed. Also, reversibility shown in Figure 4-25 

was given for all sensor foils.  
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Figure 4-25: Calibration of a foil containing 0.2 w% FI, 40 w% CrGAB and 100 w% TiO2 in D4.  

In the following tables (Table 4-12 and  

Table 4-13) the raw data from the screened foils is shown. It is worth mentioning that 

sensors without CrGAB do not show a phase angle, which is not suprising, since they do 

not contain a long lifetime reference and no phase angle can be detected. (see theory DLR 

Chapter 4.3.1) For both cases, CrGAB and TiO2 containing sensors similar phase 

splitting and amplitude differences in the physiological blood range is observed after 

188 days. Also, DLR-tests were successful without any signs of any kind of alteration, 

bleaching, leaching or damage. 

Table 4-12: Measured phase angles of different sensor compositions for different potassium concentrations 
after 2 days storage. 

Potassium concentration [mM] FI  FI + TiO2  FI + Cr-GAB  FI + TiO2 + Cr-GAB  

0 -0.33 0.05 32.10 34.03 

3 -0.34 0.03 31.60 33.05 

6 -0.33 0.00 30.72 31.70 

10 -0.33 -0.03 29.64 30.49 

500 -0.23 -0.15 12.47 12.05 

Phase splitting [3 to 6 mM] 0.00 0.03 0.88 1.35 

Amplitude splitting [3 to 6 mM] 0.02 0.10 0.04 0.05 
 

Table 4-13: Measured phase angles of different sensor compositions for different potassium concentrations 
after 188 days storage. 

Potassium concentration [mM] FI FI + TiO2 FI + Cr-GAB FI + TiO2 + Cr-GAB  

0 -0.33 0.18 31.84 33.43 

3 -0.33 0.13 31.52 32.64 

6 -0.32 0.09 30.60 31.51 

10 -0.32 0.05 29.19 29.87 

500 -0.25 -0.11 12.24 11.95 

Phase splitting [3 to 6 mM] 0.00 0.04 0.92 1.12 
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Amplitude splitting [3 to 6 mM] 0.02 0.10 0.05 0.07 

In summary, storage tests were successfully finished without any influences detected if 

sensors are stored under dry conditions, without light and at 7°C. The use of additives, 

TiO2 and CrGAB for ion sensors is recommended.  

4.4.9. Sodium fluoroionophores for blood measurements 

Most of the gathered experience from the measurements shown in the previous sections 

for potassium can be transferred directly for sodium measurements. The same BODIPY 

dye is used for potassium and sodium measurements. Hence, the compatibility of CrGAB 

as a reference is ensured. Also, sterilization tests result in similar conclusions, since the 

composition of the sensor is similar and radiative sterilization works straight forward and 

consistent. The coefficients needed for the temperature effect compensation are already 

given in the section for potassium and are evaluated similar. The results for 

photobleaching, signal to noise experiments and the storability of the sensor can be 

transferred for sodium measurements since the only difference is in the size of the crown-

ether. 

Synthesis 

Previous research used the sodium indicator of the first generation as a fluoroionophore 

for sodium, Figure 4-26. This indicator showed a low phase angle splitting in the 

physiological relevant concentration, 110 to 170 mM sodium. Ast et. al.115 showed that an 

elongated sidearm (methoxy-ethoxy-group) can help in the complexation of ions. 

Therefore, a fluoroionophore similar to the potassium fluoroionophore was synthesized. 

The only difference is in the size of the crown-ether, which is one ethylene glycol unit 

shorter, for the formation of the sodium selective crown-ether. The synthesized 

fluoroionophore should be more sensitive for sodium ions then the previous one and is 

investigated in the next subsection. 

A big advantage of this new synthesized fluoroionophore is that until the fourth step the 

synthesis is completely similar to the synthesis of the potassium fluoroionophore. With 

this strategy, a lot of time can be saved by just increasing batch sizes for these steps. 
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Figure 4-26: Synthesis route for the sodium fluoroionophore, Na-FI2gen. The indicator has an elongated 
sidearm for better sodium complexation. 

Comparison of sodium fluoroionophores first and second generation 

In Figure 4-27 the new synthesized fluoroionophore is compared to the methoxy-sidearm 

fluoroionophore in different hydrogels. The sensitivity in the physiological relevant region 

(110 to 170 mM Na+) is 19% higher in the hydrogel D4. The introduction of the methoxy-

ethoxy sidearm reveals indeed a better complexation of sodium ions within the crown-

ether. Furthermore, if D1 (higher water uptake than D4) is chosen as a matrix for the 

fluoroionophore, the sensitivity is again 30% higher. The use of a fluoroionophore with a 

methoxy-ethoxy sidearm is therefore favored since the change of the indicator and to 

another matrix has a huge effect of overall 55% sensitivity enhancement. 
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Figure 4-27: Comparison of the new indicator with the previously used fluoroionophore in D4 and D1.  

Cross sensitivity to other ions 

The new indicator was tested against cross sensitivity to K+, Ca2+, Mg2+ and NH4
+ in the 

hydrogels D4 and D1. Similar to the indicator of first generation, the fluoroionophore 

shows a cross sensitivity to potassium and ammonium. At a concentration of 500 mM K+ 

F/F0 values of 2.18 (D1) and 1.90 (D4) are evaluated. However, physiological standard 

blood concentrations for potassium are ranging from 4 to 5 mM, and within this range the 

fluorescence enhancement factor is 1.03-1.04 and therefore can be neglected. Ca2+ and 

Mg2+ did not show a cross sensitivity.  

 

Figure 4-28: Cross sensitivity of the indicator towards competing ions in hydrogel D4 and D1. 
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Matrix effects (pHEMA) 

The indicator was immobilized in pHEMA and calibrated identically to the investigations 

for potassium fluoroionophores. Remarkable results were obtained with one main 

drawback. The calibration of the immobilized fluoroionophore in pHEMA delivered a 

sensitivity enhancement of 530% compared to D4. (Figure 4-29) However, after storage 

in 0 mM buffer solution for 24 hours the sensitivity dropped tremendously, indicating this 

matrix serves not as a stable matrix. Investigations via absorption measurements revealed 

the formation of J-aggregates, visible at 780 nm. These experiments provide the evidence 

that pHEMA is not a suitable matrix for this fluoroionophore, forcing the indicator to 

aggregate and unable for complexation of ions. 

 

Figure 4-29: a) Loss of sensitivity in pHEMA within 24h. b) aggregation of the indicator in pHEMA within 2 hours. 
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5.1. Preface for the Manuscript 

This chapter describes a new sensing strategy for amines using a NH4
+ selective BODIPY 

fluoroionophore (Chapter 2.8), fluorescein and a phosphor-reference is presented. The 

combination of both indicators enables quantification of NH3 and determination of 

substituted amines. This concept offers several new pathways for future amine sensing 

systems and might be a valuable tool for environmental applications and biotechnology. 

A new concept for sensing volatile amines and ammonia simultaneously with a single 

sensor is shown in this chapter of the thesis. It combines a pH-sensitive indicator with a 

NH4
+ selective fluoroionophore immobilized in a buffered hydrogel layer. With the usage 

of an internal buffer NH4
+

 is formed within the sensor membrane, which can be complexed 

by the fluoroionophore, emitting at 653 nm. The fluoroionophore reveals insensitivity to 

substituted amines, attributable to the high selectivity of the fluoroionophore towards 

NH4
+. Theoretical background can be found in Chapter 2.6. 

The detection of substituted amines is enabled via the usage of pH-sensitive fluorescein, 

emitting at 417 nm. The combination of both indicators enables the quantification of NH3 

and the determination of MA, DMA and TMA. The use of a Cr3+ doped Bi2Ga4O9 phosphor 

enables compensation of sensor for inhomogeneities in the thickness of the sensing layer, 

intensity of the excitation light and sensitivity of the photodetector, resulting in a robust 

sensing concept. Basic principles for the development of optical sensors is given in 

Chapter 2.7. 

This concept offers several new pathways for future amine sensing applications, whereas 

the sensitivity towards NH3 can be controlled via the usage of crown-ether based indicators 

and with the use of pH-indicators, substituted amine detection is arranged. The new 

approach may be valuable for environmental and biotechnological applications. 
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5.2. Abstract 

An optical sensor for simultaneous measurement of ammonia and volatile amines is 

presented. The sensor relies on the combination of an ammonia BODIPY-fluoroionophore 

and fluorescein. Both indicators are embedded into a hydrogel D1 layer soaked with 500 

mM BIS-TRIS (pH 6.5) buffer that is covered by gas-permeable hydrophobic porous 

polytetrafluroethylene membrane. The fluoroionophore responds with increase of 

fluorescence intensity upon complexation of ammonium ion that is generated by 

protonation of ammonia after its diffusion through the hydrophobic membrane into the 

hydrogel layer. In contrast, fluorescence changes of the pH indicator are caused by 

dissolution of all species including ammonia, trimethylamine, dimethylamine and 

methylamine. Such approach allows simultaneous detection and quantification of 

ammonia and volatile amines. In order to enable ratiometric read-out, Cr(III)-doped 

Bi2Ga4O9 phosphor that emits in the far-red part of the spectrum (emission maximum 

713 nm) is immobilized into the sensing layer along with the indicator dyes that emit green 

light (pH indicator, emission maximum 517 nm) and red light (fluoroionophore, emission 

maximum 653 nm).  

 

5.3. Introduction 

Sensing of ammonia either in the gas phase or in solution has a great relevance for process 

optimization in biotechnology, agriculture, chemical industry, sewage plants and 

aquaculture.  Ammonia also is an important analyte in clinical diagnostics, environmental 

monitoring and life sciences. One of the reasons is the fact, that ammonia is toxic to 

humans and animals 181–183. Since ammonia is a key product in many metabolic pathways, 

it is of fundamental interest to create robust and reliable low-cost sensors for continuous 

monitoring of this parameter.  Very often free ammonia is accompanied by volatile amines 

184. On the one hand volatile amines are notorious interferents for ammonia sensors, on 

the other hand they are also parameters of interest. Among numerous analytical methods 

to monitor ammonia and amines, optical sensors represent an attractive low cost solution 

for this task. The classical way to sense ammonia and amines is to utilize their basic 

properties. Such optical ammonia sensors rely on absorptiometric or fluorescent pH 
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indicators which are immobilized in hydrophilic or hydrophobic polymers. Ammonia and 

volatile amines either increase the internal pH of a buffer, or deprotonate an indicator 

directly. Frequently used indicators includes fluorescein185,186 and other xanthene dyes187–

189, aza-BODIPYs190,191, triphenylmethane based dyes 192–194 and coumarin dyes 186,195,196. 

The absorptiometric indicators are used both directly to induce a visible color change and 

as FRET acceptors (typically in the deprotonated form) to induce a fluorescence response 

of other dyes188,197,198. Determination of dissolved ammonia in water requires either 

utilization of hydrophobic polymers as hosts for the pH indicator or application of 

additional hydrophobic gas-permeable membrane that covers the sensing layer in order to 

avoid cross sensitivity of sample pH. Such hydrophobic ion barriers utilize silicone 

rubbers198,199, sol-gels188,200, plasticized PVC188,201, microporous hydrophobic 

membranes57,190,191 and other materials197,201–204. Unfortunately, such hydrophobic barriers 

also significantly reduce the diffusion of the analyte that slows down the sensor’s response. 

A more serious drawback of the ammonia sensors that rely on pH transducers is cross-talk 

of the sensor to volatile amines such as methylamine (MA), dimethylamine (DMA) and 

trimethylamine (TMA). Similar to ammonia, these volatile bases also diffuse into the 

sensing layer causing deprotonation of the indicator dye. The presence of such amines is a 

special problem in ammonia sensing in aquaculture.  

Müller et al.116 recently reported a novel approach for selective optical NH3 sensing. A 

buffer-soaked hydrogel was used to generate ammonium ions from ammonia passing 

through a gas-permeable hydrophobic membrane and the formed NH4
+ were quantified 

with help of a crown-ether fluoroionophore. Although the fluoroionophore is primary 

designed to sense potassium ions, it also shows considerable sensitivity to the ammonium 

ions due to their similar size57,74. However, the cage of the receptor is too small to complex 

the protonated forms of volatile amines.  

Going a step further, in this contribution we introduce the first double transducer sensing 

concept to monitor ammonia and volatile amines simultaneously. The new transducer 

combines the two transducers mentioned above in a single sensing layer: a pH indicator 

which detects free ammonia and amines simultaneously, and an additional NH4
+ 

fluoroionophore that responds to ammonia only. In order to enable ratiometric read-out 

the selected indicators show different spectral properties (emission in the green and red 

part of the spectrum) and the sensing material additionally incorporated a Cr(III)-doped 

Bi2Ga4O9 phosphor205 as a far-red emitting luminescent reference. The proof of concept of 
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the new multiparameter sensing scheme is presented here as a basis for the development 

such sensors for special analytical tasks in the future. 

5.4. Material and Methods 

5.4.1. Materials 

CAPS, TRIS, BIS-TRIS, Cr2O3 and potassium chloride (KCl) were bought from Carl Roth 

GmbH (www.carlroth.com). Polyurethane hydrogel, Hydromed D1, was purchased from 

AdvanSource biomaterials (www.advbiomaterials.com). Poly(ethyleneterephthalate) 

support Melinex 505 was obtained from Pütz (www.puetz-folien.com). FluoroporeTM 

membrane PTFE (0.45 μm pore) was obtained from Merck Millipore Ltd. 

(www.merckmillipore.com). Methylamine-, dimethylamine- and trimethylamine-

hydrochlorides (MA, DMA and TMA, respectively) were bought from Acros 

(www.acros.com). Bi2O3, Ga2O3, Ammonium chloride and fluorescein were purchased 

from Sigma Aldrich (www.sigmaaldrich.at). Ammonium-sensitive BODIPY 

fluoroionophore was synthesized as described previously117. 

5.4.2. pH calibration solutions 

pH calibration solutions contained 20 mM universal buffer (CAPS, citrate, BIS-TRIS and 

TRIS). The pH was adjusted with HCl. A digital pH meter (Seven Easy, Mettler Toledo, 

www.mt.com) was calibrated at 21 °C with standard buffers of pH 10.0, 7.0 and 4.0 (WTW, 

www.wtw.com). 

5.4.3. Ammonia and amine solutions 

The solutions were prepared by dissolving appropriate amounts of the respective chloride 

salts in a 150 mM phosphate buffer (pH 7.0). The free amine concentrations were 

calculated with the Henderson-Hasselbach equation using the respective pKa values of the 

amines at a temperature of 21 °C.  

5.4.4. Fluorescence measurements 

Calibrations were performed with the sensing foil fixed in a home-made flow through cell. 

A peristaltic pump (Gilson miniplus 3, www.gilson.com) was used for pumping buffers 

through the cell. The temperature of the calibration solution and the flow through cell was 

held constant at 21 °C using a thermostat (Julabo F12, www.julabo.com). Fluorescence 

spectra were recorded in the front-face mode on a Fluorolog3 spectrofluorometer (Horiba 

http://www.carlroth.com/
http://www.advbiomaterials.com/
http://www.puetz-folien.com/
http://www.merckmillipore.com/
http://www.acros.com/
http://www.sigmaaldrich.at/
http://www.mt.com/
http://www.wtw.com/
http://www.gilson.com/
http://www.julabo.com/
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Jobin Yvon, www.horiba.com) equipped with a NIR-sensitive photomultiplier R2658 from 

Hamamatsu (300 − 1050 nm). 

5.4.5. Synthesis of Bi2Ga3.9Cr0.1O9 

Bi2O3, Ga2O3 and Cr2O3 were homogenously mixed in a stoichiometric ratio using a 

porcelain mortar and acetone as a dispersant. After evaporation of the solvent the greenish 

residue was transferred into a porcelain crucible and sintered 6 hours at 750 °C in air. 

Subsequently, the light brown solid was pulverized and sintered again at 800 °C for 

6 hours. The green product is finally grounded again utilizing a mortar and a ball mill to 

obtain a microcrystalline powder. 

5.4.6. Sensor preparation 

Hydromed D1 was dissolved in a mixture of ethanol and 500 mM BIS-TRIS buffer (9:1, 

v/v) to yield a stock solution of 5 w%. Appropriate amount of the indicators were dissolved 

in the hydrogel stock solution resulting in a indicator concentration of 0.66 w% 

fluoroionophore and 0.0033 w% fluorescein in respect to the total amount of hydrogel 

used in the cocktail.  The microcrystalline powder of the reference phosphor (6 w% in 

respect to hydrogel) was dispersed in the “cocktail”. This “cocktail” was knife coated onto 

the poly(ethyleneterephthalate) foil (12.5 µm wet film thickness). Immediately after the 

knife-coating, a PTFE membrane was laid onto the still wet film to obtain the composite 

sensor material after solvent evaporation. 

 

5.5. Results and Discussion 

5.5.1. Sensor composition and response mechanism 

Figure 5-1 schematically shows the composition of the sensing material. NH3 and amines 

but not ionic species present in the analyzed media are able to diffuse through the 

protective PTFE membrane. The sensing layer made of hydrogel is soaked with internal 

buffer (pH 6.5) that generates the protonated (alkyl)ammonium species. The generated 

NH4
+ ions are selectively complexed by the fluoroionophore, which leads to an increase in 

fluorescence emission due to reduction in the photoinduced electron transfer based 

quenching116. In contrast to the fluoroionophore, a pH indicator (fluorescein) that is also 

immobilized in the sensing foil responds to both ammonia and amines. The concentration 

http://www.horiba.com/
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of BIS-TRIS buffer (500 mM) is high enough to enable significant degree of 

ammonia/amines conversion into the corresponding cations but low enough to show some 

pH change upon this process and consequently induce the fluorescent response of the pH 

indicator. Importantly, the pH of the buffer is very close to the pKa value of fluorescein 

(6.4)206 that insures the strongest fluorescence response even at considerably low changes 

in pH of the internal buffer. It should be noted however, that hydrogel media is not purely 

aqueous (70% water in the swollen state according to the manufacture)207 so that the 

apparent pKa value may be slightly different. 

As expected, the fluorescence of both indicators responds to ammonia (Figure S 5-1). 

Both for the fluorophore (max 653 nm) and the pH indicator (max 517 nm) the fluorescence 

intensity increases with increasing ammonia concentration. As mentioned above, 

coordination of ammonium ion by the fluoroionophore results in the inhibition of the PET 

effect. In case of the pH indicator, ammonia promotes conversion of the mono-anionic 

form of fluorescein to much stronger absorbing and emitting dianionic form.208 The 

selected excitation wavelength (430 nm) enables excitation of both dyes. Although the 

most intense absorption band of the fluoroionophore is located at 630 nm, excitation also 

is possible in the UV-blue part of the spectrum up to about 450 nm so that selected 

excitation wavelength matches fairly well the secondary absorption maximum of the dye. 

Due to the fact that absorption of fluorescein at 430 nm is significantly stronger than that 

of the fluoroionophore and that the fluorescence of the fluoroionophore is mostly 

“switched off” in the absence of ammonia, much smaller concentration of the fluorescein 

(0.0033 and 0.66 w% in respect to hydrogel D1 for fluorescein and fluoroionophore, 

respectively) was used to achieve comparable fluorescence intensities from both dyes. 

In order to enable referenced ratiometric read-out we added a microcrystalline powder of 

chromium(III) doped bismuth gallate205 into the hydrogel layer. This phosphor shows 

narrow luminescence in the far-red part of the electromagnetic spectrum (max 713 nm, 

Figure S 5-2) accompanied by less intense broad emission in the far-red and NIR parts 

of the spectrum. Broad excitation band (max 446 nm) almost ideally matches the excitation 

wavelength selected for the indicators. The emission spectra of the two probes and the 

reference are clearly separated (Figure 5-1). It should be mentioned that the emission of 

the phosphor and the shoulder in the emission spectrum of the fluoroionophore are 

observed at the same wavelengths (Figure S 5-2) that explains that explains a minor 

increase in the overall emission at this wavelength in presence of the analyte (Figure 5-1). 
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Figure 5-1: Schematic illustration of the sensor composition (A), spectral properties of the emitters (B) and sensor 
response to ammonia in the steady state (B) and kinetic (C) modes.   

5.5.2. Sensor response to ammonia and amines 

Figure 5-2 a and c, calibrations for both indicators from 0 to 20 mg/L free amine 

concentration against the calculated (F-F0)/Fref value are shown. The free amine 

concentration represents a plot typically used in fish farming, showing the toxic aspect of 

the amines. Since the pKa of NH3 is 9.26, in normal seawater both, the ionized and the 
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unionized forms exist. Therefore, this plot represents the toxic fraction of the amines in 

water. Figure 5-2 b and d represent total ammonia concentrations (TAC) and combines 

the unionized and ionized fractions of amines in water. Since methylamine (MA), 

dimethylamine (DMA), Trimethylamine (TMA) and ammonia differ in their pKa value and 

their molecular weight, the plots for free amine concentration and TAC differ significantly.  

Typically, the amine equilibrium is highly dependent on pH, ionic concentration and the 

temperature. For this sensor, a PTFE membrane is used which is impermeable for charged 

species, therefore the effects derived from fluctuating pH and ion strength can be excluded 

and sensor response always correlates to the current amine concentration, without any 

cross-sensitivity, usually persistent for electrode measurements. 

Figure 5-2 a shows some cross-sensitivity towards MA in the range from 0 up to 20 mg/L. 

This effect can be explained by the size of the corresponding analyte. Since ammonium can 

be perfectly complexed by the crown ether, also methyl ammonium ions are complexed, 

because they reveal similar cation diameters and the methyl group can be oriented 

vertically out of plane, it fits in the crown as well. By plotting the TAC this effect relativizes, 

because the amount of free MA at 21°C is 19.16 times lower compared to NH3. 

Nevertheless, MA still is complexed by the crown ether, revealing a cross-sensitivity. The 

response towards DMA and TMA is marginally rising with increasing TAC and can be 

neglected. The precise detection of NH3 via the fluoroionophore can be used for the 

compensation of the pH effect towards fluorescein, enabling the determination of the 

amine concentrations, MA, DMA, TMA. 

Fluorescein responds both to ammonia and amines, since the pH is changing within the 

sensor matrix. Interestingly, TMA shows the highest response whereas MA the lowest. This 

effect was not expected because the basicity of the amines in water follows pKb: DMA > 

MA > TMA > NH3 (3.25 > 3.40 > 4.19 > 4.74).209 Two effects are most useful to describe 

this tendency. (i) The inductive effect, favours tertiary amines to be more basic due to the 

+I effect of the three alkyl groups which are directly attached to nitrogen. (ii) The solvation 

effect favours primary amines and ammonia to be more basic due to greater solvation of 

its cation. Since the hydrogel contains hydrophilic and hydrophobic domains the order is 

changed. The +I effect increases for higher substituted alkyl-terminated amines, since the 

hydrophobic domains of the polymer enhance inductive effects. Additionally, the solvation 

effect increases the basicity for ammonia and lower substituted amines. These effects cause 

that the response curves follow the TMA > NH3 > DMA > MA tendency.  
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Figure 5-2: Calibrations for fluoroionophore and fluorescein from 0 to 20 mg/L free amine concentration (a,c) 
and converted plot in total amine concentration (b,d). With the use of the reference the y-axis ((F-F0)/Fref)) 
represents comparable and reproducible values. 

5.5.3. Mixtures of ammonia with substituted amines 

In order to check the reliability of the sensing system, substituted amines were added to a 

solution with fixed NH3 concentration, which was held constant at 150 mM (TAC). Figure 

5-3 shows F/F0 values for both the fluoroionophore and fluorescein. 

The response of the fluoroionophore to 150 mM NH3 was as expected quite high, revealing 

a F/F0 value of 3.00 (Figure 5-3). The enhancement factors after addition of amines, TMA 

(107 mM) and DMA (150 mM), 3.06 and 3.09 were low again, indicating that the 

fluoroionophore is not complexing dimethylammonium or trimethylammonium ions. Like 

previously shown, the fluoroionophore reveals a slight cross sensitivity towards MA. At 

150 mM NH3 and 150 mM MA an F/F0 value of 3.27 was calculated. Additionally, a 

spectrum at 300 mM NH3 is shown, revealing a value of 3.43, indicating that the 

fluorescence has not yet reached its maximum emission intensity. The other way around, 

fluorescein, shows at 150 mM an enhancement factor of 1.35, whereas additional TMA 

(107 mM), DMA (150 mM) and MA (150 mM) reveal an enormous increase of 2.02, 1.68 
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and 1.48. At a TAC of 300 mM NH3 a F/F0 value of 1.72 was measured, which is lower than 

150 mM NH3 + 150 mM TMA (F/F0 = 2.02) confirming the theory previously mentioned 

that TMA causes stronger response within this matrix. 

 

Figure 5-3: F/F0 values for a calibration with 150 mM NH3 + different amounts of substituted amines. Both 
fluorescence emissions were normalized to their 0 mM TAC value. Fluoroionophore does not reveal a significant 
cross-talk to amines, whereas fluorescein responds to both ammonia and amines. 

Kinetic measurements shown in Figure 5-4 a and b reinforce these data. Since the 

fluoroionophore showed nearly no dependency on interfering amines, the fluorescein 

does. That enables a versatile strategy for the detection of substituted amines. With the 

fluoroionophore the amount of NH3 can be measured precisely, since all other amines do 

not show a cross-sensitivity. The concentration of the other amines can be measured with 

the emission intensity of fluorescein. Since the NH3 concentration can be determined, the 

concentration of NH3 can be compensated and the substituted amine concentration 

evaluated. Additionally, in Figure 5-4 a and b the influence of pH and ion strength was 

investigated, confirming that a PTFE membrane, is only permeable for gases. To verify this 

property, pH buffer at a pH of 5 and 8 were pumped through the measurement cell and 

both indicators did not show a response. Also, at 100 mM K+ no response was measured. 

Since the NH4
+ indicator is usually used for K+ detection this is an important feature, 

ensuring a stable sensor. Additionally, the indicators show full reversibility, enabling 

reliable amine detection over time. 
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Figure 5-4: Measurements over time at fixed wavelengths and alternating amine concentrations. Plot a) shows 
the calibrations for the fluoroionophore, plot b) for fluorescein. The fluoroionophore does not reveal cross 
sensitivity towards substituted amines. The fluorescence intensity of fluorescein shows strong dependency on 
the concentration of substituted amines. The material was additionally were screened for potential pH 
dependency between pH 5-8 and interference by 100 mM K+, showing a robust and reversible sensing system. 

Table 5-1: Calculated F/F0 values for both indicators for the calibrations using emission spectrums and kinetic 
measurements. From the deviations at the corresponding amine concentration the overall accuracy was 
calculated. 

 Fluorescein Fluoroionophore 

 F/F0 F/F0 

buffer composition [mM] spectrum kinetic spectrum kinetic 

0 NH3 1.00 1.00 1.00 1.00 

150 NH3 1.35 1.33 3.01 3.12 

150 NH3 + 150 NH3 1.68 1.58 3.43 3.46 

150 NH3 + 150 MA 1.48 1.44 3.32 3.30 

150 NH3 + 150 DMA 1.72 1.67 3.17 3.23 

150 NH3 + 107 TMA 2.02 2.37 3.14 3.21 

overall accuracy [%] 94.3 ± 5.4  98.1 ± 1.2 
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For future applications some criteria must be fulfilled. (i) The sensors require a pre-

calibration adjusted on the amine concentration measured (depending on the application). 

(ii) Combinatorial analysis is indispensable for the determination of TMA, DMA and MA, 

since all amines respond to fluorescein but in a certain strength. (iii) Depending on the 

application, temperature effects must be considered, since the complexation of ions in 

crown ethers is temperature dependent. 

 

5.6. Conclusion 

A new concept for sensing volatile amines and ammonia simultaneously with a single 

sensor is presented. It combines a pH-sensitive indicator with a NH4
+ selective 

fluoroionophore immobilised in a buffered hydrogel layer. With the usage of an internal 

buffer NH4
+

 is formed within the sensor membrane, which can be complexed by the 

fluoroionophore, emitting at 653 nm. The fluoroionophore reveals insensitivity to 

substituted amines, attributable to the high selectivity of the fluoroionophore towards 

NH4
+. The detection of substituted amines is enabled via the usage of pH-sensitive 

fluorescein, emitting at 417 nm. The combination of both indicators enables the 

quantification of NH3 and the determination of MA, DMA and TMA. The presented 

sensing system shows fast response times, full reversibility and no cross talk to ionic 

strength and pH of the external solution. With this novel concept, NH3 can be measured 

and compensated for substituted amine detection. The use of a Cr3+ doped Bi2Ga4O9 

phosphor enables compensation of sensor for inhomeogenieties in the thickness of the 

sensing layer, intensity of the excitation light and sensitivity of the photodetector, resulting 

in a robust sensing concept. This concept offers several new pathways for future amine 

sensing applications, whereas the sensitivity towards NH3 can be controlled via the usage 

of crown-ether based indicators and with the use of pH-indicators, substituted amine 

detection is arranged. The new approach may be valuable for environmental and 

biotechnological applications. 
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Figure S 5-1: Sensor foil containing 0.66w% fluoroionophore; 0.0033w% fluorescein in hydrogel D1. Buffer 
contained 500mM BISTRIS with a pH of 6.5. 
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Figure S 5-2: Emission spectra of the NH4+ selective BODIPY fluoroionophore and the phosphor Bi2Ga4O9. 
Excitation wavelength was chosen to be 430 nm.  
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Figure S 5-3: Sensor response to ammonia for fluorescein and the fluoroionophore, measured in kinetic mode. 
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6. Calcium Fluoroionophores 
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6.1. Preface for the Manuscript 

This manuscript focuses on the synthesis of new calcium indicators using BODIPY 

fluorophores.  The aim of this chapter was tackling the challenges of the behavior of 

charged fluoroionophores in solvents for calcium sensing.  

Three different calcium receptors o-aminophenol-N,N,O-triacetic acid (APTRA), N-

phenyliminodiethoxyacetic acid (PIDA) and 1,2-bis(o-aminophenoxy)ethane-N,N,N′,N′-

tetraacetic acid (BAPTA) with different sensitivities for calcium are used for the synthesis 

of fluoroionophores (Chapter 2.2 and 2.7). Therefore, ester-protected receptors are 

attached to BODIPY dyes, resulting in a fluoroionophore-intermediates, which are 

investigated with regard to their photophysical properties. The main properties of BODIPY 

dyes is described in Chapter 2.8.  

Saponification of the protected fluoroionophores resulted in the corresponding sodium 

salts, capable to complex the divalent calcium ion. The resulting fluoroionophores are 

based on PET, described in Chapter 2.5. The FIs properties in ethanolic solutions are 

investigated, and the behavior in respect to shelf life and pH changes was screened. 

Additional experiments, using aqueous THF solutions and EDTA resulted in a sensing 

setup capable of calcium detection in solution.  The final immobilization of an indicator in 

a hydrogel (principle described in Section 2.7.3) show first pretests, for a sensing-setup 

detecting calcium.  
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6.2. Abstract 

Here, five novel calcium fluoroionophores are synthesized, using boron-dipyrromethene 

(BODIPY) dyes as chromophores. Depending on the extension of the π-system, four 

indicators possess high molar absorption coefficients (ε up to 120 000 M-1*cm-1; THF) and 

emit in the red region (up to 682 nm, DCM; FI4) of the electromagnetic spectrum. 

Additionally, two novel BODIPY dyes, which contain polyethylene glycol groups, were 

prepared. These side chains increase the hydrophilicity of the fluoroionophores, with the 

intention of preventing aggregation phenomena in solution and hydrogels. The use of o-

aminophenol-N,N,O-triacetic acid (APTRA) as a receptor, instead of N-

phenyliminodiethoxyacetic acid (PIDA), not only increases the sensitivity of the 

corresponding fluoroionophore but also results in the hypsochromic shift of the emission 

maximum (662 to 667 nm) if the same BODIPY core was used (FI2 and FI3). 

Saponification of the protected FI-esters, yields in the corresponding fluoroionophore salt 

of the indicators, which were investigated in several experiments. The indicators behavior 

in different ethanolic compositions was investigated in terms of their PET-efficiency, shelf 

life and the dependency on pH changes. Calibrations in THF, resulted in a promising 

calibration-setup in solution. Indicators FI3, FI4 and FI5 reveal a high sensitivity (µM-

range): the emission of fluoroionophores was fully switched off in presence of EDTA that 

ensures calcium-free 0 mM fluorescence emission value. The usage of THF and EDTA for 

calibrations presents a promising approach for evaluating the sensitivity of the 

fluoroionophores for the future. Pretests in hydrogels also resulted in a reversible sensing 

system and represents the basis for future divalent ion sensing.  
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6.3. Introduction 

Calcium is the fifth most common element on the earth`s crust. It plays a key role in 

processes that include biology and environmental processes.210 Ocean acidification is a key 

parameter, changing the free Ca2+ concentration in the food chain and the biodiversity of 

the ecosystem, effecting shells and skeletons grow thinner or even stop growing.211 

Therefore, calcium levels in local seawater are of great importance.  

Calcium exists around two percent of the human body mass.212 Calcium boosts bone 

density and acts as a buffer for the rest of the tissue. A bit more than 50 percent of the 

calcium in our blood is bound to proteins, while the remainder occurs in its ionized form. 

Calcium function in our body varies from muscle relaxation, blood coagulation and enzyme 

activity. Another significant feature is that calcium stabilizes cell membranes213 and 

releases hormones from the neuron glands and neurotransmitters.214,215 Providing an 

adequate supply of calcium during pregnancy and child development is important. 

Adequate nutrition prevents osteoporosis in older people.216 Since calcium is absorbed by 

the intestine with the aid of vitamin D, a depletion of vitamin D leads to a reduction of 

calcium stores and blood levels.217 Low calcium concentrations in the human body are 

called hypocalcemia, whereas high calcium levels are referred as hypercalcemia.212,214  

On the basis of the above-mentioned examples, it is crucial to sense calcium in both the 

environment and the human body218,219. Optical ion sensors and probes represent a 

powerful tool to measure calcium ions, since fluoroionophores show a versatile sensitivity 

depending on the receptor used and they reveal a good selectivity towards competing ions. 

Therefore, the application of optical calcium sensors for clinical diagnostics and 

environmental monitoring is of great interest.  



6.3 Introduction 

Doctoral thesis by, Dipl.-Ing. Lukas Tribuser, BSc   129 

6.3.1. Indicators for Calcium 

The development of hosts for polyvalent cations, such as calcium, is by far more difficult 

than for monovalent ions because charged moieties for ion complexation are required. 

Electronic densities of uncharged hosts do not supply sufficient attraction force. Therefore, 

apart from some exceptions220,221, almost all receptors for doubly charged cations have an 

open chain like structure and incorporate charged moieties.  

The first reported receptor for calcium was published by Tsienet al.63 The working group 

synthesized an EGTA (Ethylene glycol-bis(2-aminoethylether)-N,N,N,N-tertaacetic acid) 

derivative, which is known for selective complexation of calcium ions. The synthesized 

derivatives are shown in Figure 6-1 and reveal a sensitivity in the µM range with a good 

selectivity over other divalent ions. Tsien set the starting point for the development of new 

receptors for calcium complexation events, and since then, various indicators have been 

developed.64–70 

 

Figure 6-1: Structure of Ethylene glycol-bis(2-aminoethylether)-N,N,N,N-tertaacetic acid, EGTA (a) and the 
developed 1,2-bis(o-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid, BAPTA derivatives (b + c) by Tsien and 
coworkers.63 

For the determination of calcium in blood the sensitivity of BAPTA is too high, since the 

receptor responds in the µM range and the typical Ca2+ concentrations in blood are 2.15-

2.55 mM/day15, N-phenyliminodiethoxyacetic acid (PIDA), (Figure 6-2), , on the other 

hand, shows sensitivities in the mM range, and therefore better suitable for measurements 

in whole blood. He et al.64 synthesized a derivative of the receptor, mentioned above. In an 

aqueous solution, this receptor showed a dissociation constant Kd in the range of 0.3 to 

2.2 mM, i.e. in the range of calcium concentration characteristic for blood measurements. 

The receptor (Figure 6-2) is very attractive for integration into fluoroionophores and  

optical ion sensors since it fulfills certain criteria. It contains a tertiary nitrogen, which 
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performs as electron donating group during interaction with calcium (Section 2.6.1). 

Furthermore, the receptor and the corresponding indicator (such as depicted in Figure 

6-2 b) are insensitive to any pH changes in the physiological relevant range. This feature, 

minimizes any undesired pH interferences, and the receptor shows nearly no cross-

sensitivity to other cations.  

 

Figure 6-2: a) N-phenyliminodiethoxyacetic acid (PIDA) receptor for selective calcium complexation. b) 
fluoroionophore derivative of a, synthesized by He64. 

In 1988, Levy et. al.222 synthesized o-aminophenol-N,N,O-triacetic acid (APTRA) (Figure 

6-3), a receptor for measurements of cytosolic free magnesium via NMR. Although this 

receptor shows a Kd for magnesium in the mM-range, the sensitivity for calcium ions is 

much higher; with Kd in the µM-range. By connecting a dye moiety on the receptor (Figure 

6-3 a and b) a fluorescent optical indicator is generated.223–225  

 

Figure 6-3: a) Structure of o-aminophenol-N,N,O-triacetic acid (APTRA)222 b) BODIPY fluoroionophore using 
APTRA as a recognition unit for calcium ions225 c) APTRA receptor connected to a phenantrenequinone dye.224 

Since most of the indicators are used as probes67,70,123,221,225–227, immobilization of such 

indicators in a hydrogel suitable for reversible Ca2+ sensing.64,65,228 

In this contribution, the concept of calcium ion sensing based on fluorescence quenching 

is presented. The fluorescent indicator dye consists of a BODIPY fluorophore linked to a 
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recognition unit (receptor), leading to a fluoroionophore (FI).  The sensing mechanism is 

based on intramolecular quenching due to photo-induced electron transfer (PET). 

Typically, the receptor bears a tertiary amine group, which is responsible for emission 

enhancement in the presence of calcium ions, due to the reduction of PET. 

The synthesis and characterization of new optical ion probes is investigated. Five different 

calcium fluoroionophores are presented. The indicators either have PIDA, APTRA or 

BAPTA as a receptor, connected to different BODIPY dyes. The indicators are 

characterized with respect to their photophysical properties and their suitability as sensor 

materials. Calibrations of the FIs was performed in solution and via immobilization in a 

hydrophilic polymer matrix, reversible sensing was proven. 

 

6.4. Materials and Methods 

6.4.1. Chemicals 

DCM, CHCl3, DMF,THF, ethanol, cyclohexane, tert-butanol, TRIS, BIS-TRIS, CAPS, NaCl, 

KCl, NaCl, Na2SO4, NaOH, HNO3, H2SO4,  KI, K2CO3 and EDTA were bought form Carl 

Roth GmbH (www.carlroth.com). Hydrogel (Hydromed, D7) was obtained from 

AdvanSource biomaterials (www.advbiomaterials.com). 2-(2-Chloroethoxy)ethanol, N,N-

diisopropylethylamine (DIPEA), N-methyl-2-pyrrolidone (NMP), trifluoroacetic acid 

(TFA), NaOCl*5H2O, chloroacetic acid, 2-chloroethoxyacetic acid and 2-aminophenole 

were from TCI (www.tcichemicals.com). POCl3, 1-bromo-2-(2-methoxyethoxy)ethane, 

BF3OEt2, aniline and DDQ were purchased from Sigma Aldrich (www.sigmaaldrich.at). 

BAPTA-tetramethylester was purchased from ABCR (www.abcr.de). 6-Hydroxy-1-

tetralone and BIS-TRIS was bought from Fluorochem (www.fluorochem.co.uk).  

6.4.2. Calibration solutions 

Solutions with different pH values contained 20 mM universal buffer (CAPS, citrate, BIS-

TRIS and TRIS). The pH was adjusted with HCl. A digital pH meter (Seven Easy, Mettler 

Toledo, www.mt.com) was used at 21°C with standard buffers of pH 10.0, 7.0 and 4.0 

(WTW, www.wtw.com). Buffer solutions containing TRIS, BIS-TRIS or CAPS were 

prepared with ultra pure water and pH was adjusted with HCl. 

http://www.carlroth.com/
http://www.advbiomaterials.com/
http://www.tcichemicals.com/
http://www.sigmaaldrich.at/
http://www.abcr.de/
http://www.fluorochem.co.uk/
http://www.mt.com/
http://www.wtw.com/
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6.4.3. Fluorescence measurements 

Fluorescence spectra were recorded in front-face mode (sensor foil) or right-angle mode 

(cuvette) on a Fluorolog3 spectrofluorometer (Horiba Jobin Yvon, www.horiba.com) 

equipped with a NIR-sensitive photomultiplier R2658 from Hamamatsu (300 – 1050 nm). 

6.4.4. Settings for sensor foil calibration  

Calibrations were performed by adjusting the sensing foil in a home-made flow through 

cell. A peristaltic pump (Gilson miniplus 3, www.gilson.com)  was used for pumping 

different buffers through. The temperature of the calibration solution and the flow through 

cell was held constant at 21°C using a thermostat (Julabo F12, www.julabo.com).  

 

6.4.5. Experimental 

Measurements of listed NMR shifts, HR-MS and LR-MS of the synthesized compounds 

can be found in the supporting information of this chapter.  

2-Chloroethoxyacetic acid (1) 

 

4 mL (37.9 mmol) 2-(2-Chloroethoxy)ethanol  was added slowly into conc. HNO3 (65%) at 

50 °C for 8 hours. The solution was stirred at RT overnight and then heated up again for 3 

hours. The reaction was controlled via TLC (CH+EE 1+5). The solution was slowly poured 

into ice water (50 mL) and extracted with (CHCl3) (4x50 mL). The fractions were 

combined and dried over Na2SO4. The solvent was evaporated to afford 2.2 g (42%) of a 

yellowish oil. The oil was directly used for the esterification without further purification. 

Yield: 2.2 g, 42% 

1H NMR (300 MHz, Chloroform-d) δ 11.07 (s, 1H), 4.22 (s, 2H), 3.83 (t, J = 5.6 Hz, 2H), 
3.65 (t, J = 5.6 Hz, 2H). 

13C NMR (76 MHz, CDCl3) δ 175.65, 77.16, 71.81, 68.07, 42.58. 

 

http://www.horiba.com/
http://www.gilson.com/
http://www.julabo.com/
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Ethyl 2-chloroethoxyacetate (2) 

 

5.7 g (41.14 mmol) of 2-chloroethoxyacetic acid 1 were dissolved in 50 mL absolute 

ethanol. The solution was heated to 90 °C and 2 drops of conc. H2SO4 were added. After 

7 hours, the reaction was neutralized with 1 M NaOH and the solution was evaporated to 

afford 6.5 g (94%) of a yellow oil.  

Yield: 6.5 g, 94% 

1H NMR (300 MHz, Chloroform-d) δ 4.22 (q, J = 7.1 Hz, 2H), 4.15 (s, 2H), 3.83 (t, J = 5.7 
Hz, 2H), 3.67 (t, J = 5.7 Hz, 2H), 1.29 (t, J = 7.1 Hz, 3H). 

13C NMR (76 MHz, CDCl3) δ 170.20, 77.16, 71.79, 68.77, 61.13, 42.71, 14.32. 

N-Phenylimino-diethoxyethylacetate (PIDA-Diethylester) (3) 

 

2.93 g (31.51 mmol,1.0 eq) of aniline, 21.00 g (126 mmol, 4.0 eq) 2-chloroethoxyacetate 2, 

16.29 g (126 mmol, 4.0 eq) DIPEA and 20.92 g (126 mmol, 4.0 eq) KI were dissolved in 

app. 100 mL NMP and stirred for 3 days at 100 °C. The reaction was controlled via TLC 

(CH+EE = 4+1). A flash column chromatography (CH+EE = 4+0 to 4+1) was performed 

to remove NMP. A second column chromatography was performed to separate the mono-

substituted intermediate from the product. 

Yield: 9.4 g, 80% 

Rf: CH+EA = 2+1: 0.62; Rf: CH+EA = 1+1: 0.80 

1H NMR (300 MHz, Chloroform-d) δ 7.21 (t, J = 7.7 Hz, 2H), 6.77 – 6.65 (m, 3H), 4.20 (q, 
J = 7.1 Hz, 4H), 4.08 (s, 4H), 3.76 – 3.59 (m, 8H), 1.27 (t, J = 7.1 Hz, 6H). 

13C NMR (76 MHz, DMSO) δ 170.11, 147.56, 129.08, 115.51, 111.47, 68.18, 67.79, 60.13, 
50.04, 39.52, 14.04. 

LR-MS (APCI): m/z calc. for C18H27NO6: 353.2 [M+]; found: 352.3 [MH-]. 
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N-(4-Formyl)-Phenylimino-diethoxyethylacetate (PIDA-Diethylester aldehyde) 

(4) 

 

A 100 mL Schlenk-tube was heated out three times under vacuum. 969 mg (2.74 mmol) of 

N-phenylimino-diethoxyethylacetate 3 were dissolved in 25 mL dry DMF. The solution 

was cooled to -70 °C and stirred for 20 minutes. 2.10 g (13.71 mmol, 5 eq.) POCl3 were 

added dropwise over 5 minutes. A color change from yellow to greenish was observed. The 

solution was stirred for another 30 minutes at -70 °C and was then allowed to warm up to 

room temperature. The reaction was stirred overnight and the next day 20 mL ice water 

was added to the solution. The solution was extracted with DCM (3x 50 mL), the organic 

phase dried with Na2SO4 and evaporated. Purification by column chromatography 

(CH+EE 1+1) afforded 812 mg (77%) of a yellow oil. 

Yield: 812 mg, 77% 

Rf: CH+EA = 1+1: 0.33 

1H NMR (300 MHz, Methylene Chloride-d2) δ 9.70 (s, 1H), 7.69 (d, J = 8.9 Hz, 2H), 6.80 
(d, J = 8.8 Hz, 2H), 4.16 (q, J = 7.1 Hz, 4H), 4.06 (s, 4H), 3.80 – 3.70 (m, 8H), 1.24 (t, J = 
7.1 Hz, 6H). 

13C NMR (76 MHz, CD2Cl2) δ 190.26, 170.63, 153.23, 132.34, 126.11, 111.77, 69.30, 69.14, 
61.32, 54.72, 54.36, 54.00, 54.00, 53.64, 53.28, 51.58, 14.53. 

LR-MS (APCI): m/z calc. for C19H27NO7: 381.2 [M+]; found: 382.4 [MH+]. 

 

Triethyl-o-Aminophenol-N,N,O-triacetate (APTRA-triethylester) (5) 
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In a 250 mL round bottom flask 3.76 g 2-aminophenol (34.48 mmol, 1 eq.) and 16.29 g 

chloroacetic acid (172.39 mmol, 5 eq.) were dissolved in 50 mL H2O. The solution was 

stirred for 10 minutes and 9.65 g NaOH (241.35 g, 7 eq.) were added slowly over 

30 minutes. The resulting solution was heated to 100 °C and stirred for 15 hours. 

Afterwards the solution was cooled down to room temperature and the water was 

evaporated under reduced pressure. The suspension was dissolved in 100 mL EtOH and 

conc. H2SO4 was added until pH 2 was reached. The reaction was refluxed for 2 days. After 

cooling to room temperature, salts were filtered off and the solvent evaporated. The 

residue was dissolved in ethyl acetate and washed with 1 M NaOH three times. The organic 

layer was dried with Na2SO4 and the solvent was removed under reduced pressure.  

Yield: 4.12 g, 42% 

Rf: CH+EA = 3+1: 0.29 

1H NMR (300 MHz, Chloroform-d) δ 7.05 – 7.00 (m, 1H), 6.95 – 6.87 (m, 2H), 6.85 – 6.73 
(m, 1H), 4.65 (s, 2H), 4.32 – 4.05 (m, 10H), 1.33 – 1.20 (m, 9H). 

13C NMR (76 MHz, CDCl3) δ 171.42, 169.17, 139.75, 124.36, 123.04, 122.75, 122.62, 120.18, 
117.31, 115.15, 114.53, 77.16, 67.61, 66.46, 61.28, 60.79, 53.88, 43.08, 14.33. 

LR-MS (APCI): m/z calc. for C18H25NO7: 367.2 [M+]; found: 368.4 [MH+] and 735.7 
[2MH+]. 

 

 

N-(4-Formyl)-triethyl-o-aminophenol-N,N,O-triacetate 

(APTRA-triethylester aldehyde) (6) 

 

A 100 mL Schlenk tube was heated out three times under vacuum and 1 g N-phenylimino-

diethoxyethylacetate (PIDA-diethylester) 3 (2.72 mmol, 1 eq.) was dissolved in 40 mL dry 

DMF. The solution was cooled to – 70 °C and stirred for 10 minutes. 2.09 g POCl3 

(13.61 mmol, 5 eq.) was added slowly and stirred for 20 minutes. The solution was warmed 

up to room temperature and stirred overnight. The solution was heated to 70 °C for 

3 hours. The hot solution was poured on ice and stirred for one hour. The solution was 
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extracted in DCM (3x 25 mL), dried with Na2SO4 and evaporated. Purification by column 

chromatography (CH+EE 4+1) afforded 760 mg (76%) of a yellow oil. 

Yield: 760 mg, 76% 

Rf: CH+EA = 1+1: 0.39 

1H NMR (300 MHz, Chloroform-d) δ 9.76 (s, 1H), 7.39 (dd, 1H), 7.26 (s, 1H), 6.80 (d, J = 
8.2 Hz, 1H), 4.65 (s, 2H), 4.31 – 4.17 (m, 10H), 1.33 – 1.23 (m, 9H). 

13C NMR (76 MHz, CDCl3) δ 190.34, 170.69, 168.05, 148.70, 145.31, 129.84, 127.29, 117.21, 
111.72, 65.65, 61.44, 61.07, 54.09, 14.24. 

LR-MS (APCI): m/z calc. for C19H25NO8: 395.2 [M+]; found: 396.4 [MH+] and 791.7 
[2MH+]. 

 

BAPTA-tetramethylester-aldehyde (7) 

                                

A 50 mL Schlenk tube was heated out three times. 305 mg (0.518 mmol 1 eq.) of BAPTA-

tetramethylester were dissolved in approximately 10 mL dry DMF. The solution was cooled 

to – 20 °C and 240 µL POCl3 (2.59 mmol, 5 eq) were added dropwise. The solution was 

stirred overnight at room temperature and then heated for 1 hour at 70 °C. The hot solution 

was poured on approximately 100 mL ice. The solution turned pale yellow and the pH was 

adjusted to pH 8 with 1 M NaOH. The solution was passed through a filter   filtered and 

extracted in DCM three times. After evaporation of the solvent column chromatography 

was performed (CH 100% -> CH+EA 1+1). Two products were obtained, the aimed 

monoaldehyde (7) and the disubstituted by-product (8).  

Yield (7): 190 mg (60%) 

Rf: CH+EA = 4+1: 0.36 

1H NMR (300 MHz, Chloroform-d) δ 9.76 (s, 1H), 7.39 (dd, 2H), 7.26 (s, 2H), 6.80 (d, J = 
8.2 Hz, 2H), 4.65 (s, 2H), 4.31 – 4.17 (m, 20H), 1.33 – 1.23 (m, 12H). 

13C NMR (76 MHz, CDCl3) δ 190.34, 170.69, 168.05, 148.70, 145.31, 129.84, 127.29, 117.21, 
111.72, 65.65, 61.44, 61.07, 54.09, 14.24. 

LR-MS (APCI): m/z calc. for C31H40N2O11: 616.3 [M+]; found: 617.6 [MH+]. 

 

Yield (8): 78 mg (24%) 
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Rf: CH+EA = 4+1: 0.22 

1H NMR (300 MHz, Chloroform-d) δ 9.80 (s, 2H), 7.38 – 7.36 (m, 2H), 7.26 (s, 2H), 6.76 
(d, J = 8.0 Hz, 2H), 4.31 (s, 4H), 4.22 (s, 8H), 4.06 (q, J = 7.1 Hz, 8H), 1.14 (t, J = 7.1 Hz, 
12H). 

13C NMR (76 MHz, CDCl3) δ 190.40, 170.73, 149.55, 145.24, 126.91, 116.71, 110.83, 77.46, 
77.03, 76.61, 67.11, 61.25, 53.75, 29.74, 14.01. 

LR-MS (APCI): m/z calc. for C32H40N2O12: 644.3 [M+]; found: 645.7 [MH+]. 

 

5-Chloro-6-hydroxy-1-tetralone (9) and 5,7-dichloro-6-hydroxy-1-tetralone (10) 

        

25.3 mL tert-butanol and 21 mL acetic acid were vigorously stirred in a 1 L round bottom 

flask. 75 g NaOCl*5H2O in 450 mL H2O were added within 10 minutes at 0 °C. After 

addition, the flask was sealed with aluminium foil and flushed with nitrogen, since the 

formed tert-butyl hypochloride is sensitive to light and air. After 10 minutes, the magnetic 

stirrer was turned off and the yellow upper layer was filled in a light protected glass vial. 

The intermediate reagent (tert-butyl hypochloride) was stored in the fridge under argon 

atmosphere.  

1.62 g of 6-Hydroxy-1-tetralone (9.99 mmol, 1 eq.) was dissolved in 100 mL chloroform. 

2.82 mL tert-butyl hypochloride (24.97 mmol, 2.5 eq.) were added dropwise within 

2 minutes. The flask was sealed with aluminum foil and the solution stirred under nitrogen 

for 4 hours. The solution was extracted with water and brine, dried over Na2SO4 and 

evaporated. Column chromatography (CH 100% → CH+EE=3+1) yielded in mono and di-

substituted products (9 and 10, respectively). 

Yield (9): 504 mg (22%) 

Rf: CH+EA = 1+1: 0.48 

1H NMR (300 MHz, DMSO-d6) δ 7.74 (d, J = 8.6 Hz, 1H), 6.95 (d, J = 8.6 Hz, 1H), 2.92 (t, 
J = 5.8 Hz, 2H), 2.50 (t, 2H), 2.01 (p, 2H). 

13C NMR (76 MHz, DMSO) δ 195.54, 157.75, 143.92, 126.76, 125.61, 118.69, 114.37, 39.52, 
37.40, 26.84, 21.98. 

LR-MS (APCI): m/z calc. for C10H9ClO2: 196.0 [M+]; found: 196.9 [MH+]. 

 

Yield (10): 900 mg (38%) 
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Rf: CH+EA = 1+1: 0.77 

1H NMR (300 MHz, DMSO-d6) δ 7.80 (s, 1H), 2.91 (t, J = 5.7 Hz, 2H), 2.55 (t, J = 6.9 Hz, 
2H), 2.05 (p, 2H). 

13C NMR (76 MHz, DMSO) δ 194.81, 153.37, 142.55, 126.24, 125.83, 121.16, 120.33, 39.52, 
37.19, 26.77, 21.72. 

LR-MS (APCI): m/z calc. for C10H8Cl2O2: 230.0 [M+]; found: 230.9 [MH+]. 

 

5,7-Dichloro-6-[2-(2-methoxyethoxy)ethoxy]-1-tetralone (12) 

 

155 mg 5,7-Dichloro-6-hydroxy-1-tetralone (10) (0.670 mmol, 1 eq.), 307 mg 1-bromo-2-

(2-methoxyethoxy)ethane (1.68 mmol, 2.5 eq.), 92 mg K2CO3 (0.670 mmol, 1 eq.) and 

111 mg KI (0.670 mmol, 1 eq.) were stirred in 10 mL dry DMF at 60 °C for 6 h. The solvent 

was removed under reduced pressure, the product dissolved in DCM and the impurities 

extracted with water. The organic phase was dried with Na2SO4 and evaporated. Column 

chromatography (CH 100% → CH+EE=1+1) gave the desired product. 

Yield: 75 mg (34%) 

Rf: CH+EA = 4+1: 0.23; Rf: CH+EA = 1+1: 0.74 

1H NMR (300 MHz, Methylene Chloride-d2) δ 7.97 (s, 1H), 4.23 (t, 2H), 3.85 (t, 2H), 3.66 
(t, 2H), 3.51 (t, 2H), 3.33 (s, 3H), 2.98 (t, J = 6.1 Hz, 2H), 2.59 (t, 2H), 2.12 (p, 2H). 

13C NMR (76 MHz, CD2Cl2) δ 195.90, 155.93, 143.14, 130.74, 129.63, 128.09, 127.76, 73.51, 
72.48, 71.14, 70.73, 59.23, 54.00, 38.47, 27.76, 22.74. 

LR-MS (APCI): m/z calc. for C15H18Cl2O4: 332.1 [M+]; found: 333.1 [MH+]. 

 

5-Chloro-6-[2-(2-methoxyethoxy)ethoxy]-1-tetralone (11) 

 

Compound 11 was synthesized analogously to compound 12 but using compound 9 (201 

mg) instead of compound 10. 
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Yield: 287 mg (49%) 

Rf: CH+EA = 4+1: 0.10; Rf: CH+EA = 1+1: 0.55 

1H NMR (300 MHz, Chloroform-d) δ 7.98 (d, J = 8.7 Hz, 1H), 6.90 (d, J = 8.8 Hz, 1H), 
4.27 (t, 2H), 3.93 (t, 2H), 3.77 (t, 2H), 3.57 (t, 2H), 3.39 (s, 3H), 3.02 (t, J = 6.1 Hz, 2H), 
2.60 (t, 2H), 2.13 (p, J = 6.3 Hz, 2H). 

13C NMR (76 MHz, CD2Cl2) δ 129.10, 127.61, 111.96, 111.29, 72.53, 71.47, 69.85, 69.80, 
69.64, 59.86, 59.23, 54.00, 38.66, 25.06, 23.00. 

LR-MS (APCI): m/z calc. for C15H19ClO4: 298.1 [M+]; found: 299.4 [MH+]. 

 

6,8-dichloro-7-(2-(2-methoxyethoxy)ethoxy)-3-phenyl-4,5-dihydro-1H-

benzo[g]indole (14) 

 

The synthesis of pyrrole 14 was similar to the literature procedure. (Müller et al.)117 135 mg 

5,7-dichloro-6-{2-(2-methoxyethoxy)ethoxy]-1-tetralone (12, 1 eq.) and 59 mL 

phenylazirine (1.10 eq) and 212 mL of a 2M lithium diisopropylamide solution (in THF, 

1.05 eq.) was used for the synthesis of compound 14. The product was additionally purified 

via column chromatography (CH 100% → CH+EE=1+2). The product was obtained as a 

yellow oil and turned brownish under air conditions. The product was not stable during 

NMR measurements. LR-MS measurements were performed and the pyrrole was directly 

used for BODIPY synthesis without further purification. 

Yield: 114 mg (64%) 

Rf: CH+EA = 4+1: 0.54 

LR-MS (APCI): m/z calc. for C23H23Cl2NO3: 431.1 [M+]; found: 432.3 [MH+]. 
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6-chloro-7-(2-(2-methoxyethoxy)ethoxy)-3-phenyl-4,5-dihydro-1H-

benzo[g]indole (13) 

 

The synthesis of pyrrole 13 was similar to Müller et al.117 433 mg 5-chloro-6-[2-(2-

methoxyethoxy)ethoxy]-1-tetralone (11, 1 eq.) and 172 mL phenylazirine (1.10 eq) and 770 

mL of a 2M lithium diisopropylamide solution (in THF, 1.05 eq.) was used for the synthesis 

of compound 13. The product was additionally purified via column chromatography (CH 

100% → CH+EE=1+2). The product was obtained as a yellow oil and turned greenish 

under air conditions. The product was not stable for NMR measurements. LR-MS 

measurements were performed and the pyrrole was directly used for BODIPY synthesis. 

Yield: 187 mg (52%) 

Rf: CH+EA = 4+1: 0.42 

LR-MS (APCI): m/z calc. for C23H24ClNO3: 397.1 8 [M+]; found: 396.2 [MH-]. 

 

General synthesis of BODIPY fluorophores 

A Schlenk tube was heated out three times. 1 eq. of aldehyde and 2.05 eq. of pyrrole were 

dissolved in dry DCM. The vessel was sealed from light and 1 drop TFA was added under 

argon atmosphere. The reaction was controlled via TLC and after consumption of the 

aldehyde, 1.05 eq. DDQ was added and stirred for one hour. Then 10 eq. DIPEA was added 

and stirred again for 5 minutes. 15 eq. BF3OEt2 was added and stirred for 30 minutes. 

Typical work up is done via extraction of impurities with water, evaporation of the organic 

solvent and column chromatography. (DCM 100% → DCM + EtOH 95 + 5)  
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FI1-ester 

 

70 mg of N-(4-Formyl)-Phenylimino-diethoxyethylacetate (4, 1 eq.), 101 mg 2-(4-

Propylphenyl)-4-Phenylpyrrol (2 eq.), 43 mg 2,3-dichloro-5,6-dicyano-1,4-benzoquinone 

(DDQ, 1 eq.), 330 mL N,N-diisopropylethylamine (DIPEA, 10 eq.) and 350 mL BF3OEt2 

(15 eq.) was used for FI1-ester. 

Yield: 12 mg (11%) 

Rf: CH+EA = 4+1: 0.23; Rf: CH+EA = 3+2: 0.57 

1H NMR (300 MHz, Methylene Chloride-d2) δ 7.74 (d, J = 7.9 Hz, 4H), 7.27 (d, J = 7.9 Hz, 
4H), 6.88 (dd, J = 20.4, 4.0 Hz, 10H), 6.68 (d, J = 8.5 Hz, 2H), 6.57 (s, 2H), 5.77 (d, J = 
8.7 Hz, 2H), 4.23 (q, J = 7.1 Hz, 4H), 4.09 (s, 4H), 3.42 (dd, J = 19.3, 5.3 Hz, 8H), 2.65 (t, 
4H), 1.69 (q, 4H), 1.26 (t, 6H), 0.99 (t, J = 7.3 Hz, 6H). 

13C NMR (76 MHz, CD2Cl2) δ 156.55, 149.03, 144.92, 136.98, 134.61, 130.93, 129.96, 
129.54, 128.73, 127.75, 126.16, 123.34, 110.32, 69.63, 69.29, 61.38, 54.00, 51.27, 38.51, 
30.27, 25.00, 14.63, 14.34. 

LR-MS (APCI): m/z calc. for C57H60BF2N3O6: 931.5 [M+]; found: 932.6 [MH+]; 913.6 
[MH+-F-]; 931.6 [MH-]. 

HR-MS (MALDI-TOF): m/z calc. for C57H60BF2N3O6: 931.4543 [M+]; found: 932.4124 
[MH+]. 
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FI2-ester 

 

96 mg of N-(4-Formyl)-Phenylimino-diethoxyethylacetate (4, 1 eq.), 134 mg 5-chloro-3-

phenyl-1,4-dihydroindeno[1,2-b]pyrrole (2 eq.), 57 mg 2,3-dichloro-5,6-dicyano-1,4-

benzoquinone (DDQ, 1 eq.), 450 mL N,N-diisopropylethylamine (DIPEA, 10 eq.) and 

465 mL BF3OEt2 (15 eq.) was used for FI2-ester. 

Yield: 33 mg (14%) 

Rf: CH+EA = 4+1: 0.18; Rf: CH+EA = 3+2: 0.52 

1H NMR (300 MHz, Methylene Chloride-d2) δ 8.29 (d, J = 8.6 Hz, 2H), 7.50 (s, 4H), 6.93 
(s, 6H), 6.87 – 6.79 (m, 4H), 6.64 (d, J = 8.5 Hz, 2H), 5.76 (d, J = 8.6 Hz, 2H), 4.23 (q, J 
= 7.1 Hz, 4H), 4.09 (s, 4H), 3.42 (dd, J = 22.6, 5.1 Hz, 8H), 6.83 – 6.80 (m, 1H), 3.59 (s, 
4H), 1.31 (d, J = 7.1 Hz, 6H). 

13C NMR (76 MHz, CD2Cl2) δ 170.74, 152.87, 148.68, 139.65, 135.80, 135.47, 134.16, 132.10, 
129.55, 128.66, 127.89, 126.65, 126.23, 125.27, 110.35, 69.64, 69.29, 61.37, 54.00, 51.25, 
30.35, 30.27, 14.64. 

LR-MS (APCI): m/z calc. for C53H46BCl2F2N3O6: 939.3 [M+]; found: 940.5 [MH+]; 922.5 
[MH+-F-]; 939.6 [MH-]. 

HR-MS (MALDI-TOF): m/z calc. for C53H46BCl2F2N3O6: 939.2825 [M+]; found: 940.2913 
[MH+]. 

 

FI3-ester 
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50 mg of N-(4-Formyl)-triethyl-o-aminophenol-N,N,O-triacetate (6, 1 eq.), 71 mg 5-

chloro-3-phenyl-1,4-dihydroindeno[1,2-b]pyrrole (2 eq.), 53 mg 2,3-dichloro-5,6-

dicyano-1,4-benzoquinone (DDQ, 1 eq.), 220 mL N,N-diisopropylethylamine (DIPEA, 10 

eq.) and 245 mL BF3OEt2 (15 eq.) was used for FI3-ester. 

Yield: 72 mg (35 %) 

Rf: CH+EA = 3+2: 0.24; Rf: CH+EA = 2+3: 0.88 

1H NMR (300 MHz, Methylene Chloride-d2) δ 8.30 (d, J = 8.7 Hz, 2H), 7.56 – 7.47 (m, 
4H), 7.04 – 6.93 (m, 6H), 6.90 – 6.79 (m, 4H), 6.50 – 6.41 (m, 1H), 6.33 – 6.22 (m, 1H), 
6.03 (d, J = 8.2 Hz, 1H), 4.21 (q, J = 7.1 Hz, 6H), 4.14 (s, 2H), 3.88 (s, 4H), 3.59 (s, 4H), 
1.34 – 1.24 (m, 12H). 

13C NMR (76 MHz, CD2Cl2) δ 171.48, 169.06, 158.49, 153.10, 148.79, 140.86, 139.66, 
138.70, 135.91, 135.52, 131.83, 129.30, 128.76, 128.02, 127.55, 126.96, 126.74, 125.60, 
125.51, 119.39, 118.86, 66.17, 61.72, 61.19, 54.00, 53.12, 30.28, 14.68, 14.56. 

LR-MS (APCI): m/z calc. for C53H44BCl2F2N3O7: 953.3 [M+]; found: 954.5 [MH+]; 934.4 
[MH+-F-]; 953.6 [MH-]. 

HR-MS (MALDI-TOF): m/z calc. for C53H44BCl2F2N3O7 [M+]: 953.2617; found: 976.2508 
[MNa+]. 

 

FI4-ester 

 

15 mg of N-(4-Formyl)-triethyl-o-aminophenol-N,N,O-triacetate (6, 1 eq.), 30 mg 6-

chloro-7-(2-(2-methoxyethoxy)ethoxy)-3-phenyl-4,5-dihydro-1H-benzo[g]indole (13, 2 

eq.), 9 mg 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ, 1 eq.), 70 mL N,N-

diisopropylethylamine (DIPEA, 10 eq.) and 64 mL BF3OEt2 (15 eq.) was used for 

FI4-ester. 

Yield: 7 mg (8%) 

Rf: CH+EA = 3+2: 0.03; Rf: CH+EA = 2+3: 0.52 

1H NMR (300 MHz, Methylene Chloride-d2) δ 8.73 (d, J = 9.1 Hz, 2H), 7.07 (d, J = 9.1 Hz, 
2H), 6.99 – 6.88 (m, 6H), 6.73 (d, J = 6.4 Hz, 4H), 6.38 (d, 1H), 6.19 (s, 1H), 5.96 (d, J = 
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8.3 Hz, 1H), 4.31 (t, 4H), 4.24 – 4.17 (m, 8H), 3.93 (t, 4H), 3.85 (s, 4H), 3.75 (t, J = 5.5, 3.7 
Hz, 4H), 3.56 (t, 4H), 3.36 (s, 6H), 3.04 (t, J = 6.7 Hz, 4H), 2.45 (t, J = 6.8 Hz, 4H), 1.34 – 
1.26 (m, 12H). 

13C NMR (76 MHz, CD2Cl2) δ 171.58, 141.03, 135.40, 132.54, 129.94, 128.70, 127.77, 126.63, 
122.61, 119.47, 119.04, 111.50, 72.57, 71.48, 69.97, 69.62, 61.70, 61.15, 59.27, 54.00, 45.52, 
35.00, 27.48, 20.79, 14.68. 

HR-MS (MALDI-TOF): m/z calc. for C65H68BCl2F2N3O13 [M+]: 1217.4190; found: 
1218.4190 [MH+]. 

 

FI5-ester 

 

50 mg of BAPTA-tetramethylester-aldehyde (7, 1 eq.), 70 mg 6-6,8-dichloro-7-(2-(2-

methoxyethoxy)ethoxy)-3-phenyl-4,5-dihydro-1H-benzo[g]indole (14, 2 eq.), 18 mg 2,3-

dichloro-5,6-dicyano-1,4-benzoquinone (DDQ, 1 eq.), 135 mL N,N-diisopropylethylamine 

(DIPEA, 10 eq.) and 150 mL BF3OEt2 (15 eq.) was used for FI5-ester. 

Yield: 22 mg (17%) 

Rf: CH+EA = 1+2: 0.26; Rf: CH+EA = 1+1: 0.41 

1H NMR (300 MHz, Methylene Chloride-d2) δ 8.88 (s, 2H), 7.00 – 6.90 (m, 10H), 6.81 – 
6.69 (m, 4H), 6.36 (d, J = 6.7 Hz, 1H), 6.29 (s, 1H), 5.91 (d, J = 8.1 Hz, 1H), 4.28 (t, 4H), 
4.17 (s, 4H), 4.11 (q, 8H), 3.98 – 3.79 (m, 12H), 3.71 (t, 4H), 3.56 (t, 4H), 3.36 (s, 6H), 3.00 
(t, J = 7.0 Hz, 4H), 2.47 (t, J = 6.8 Hz, 4H), 1.28 – 1.19 (m, 12H). 

13C NMR (76 MHz, CD2Cl2) δ 171.63, 171.48, 152.93, 139.60, 135.05, 133.03, 129.84, 129.39, 
127.94, 126.85, 126.56, 125.68, 122.98, 122.31, 120.82, 118.56, 118.06, 115.18, 100.57, 73.51, 
72.55, 71.18, 70.82, 67.82, 67.44, 61.17, 59.27, 54.16, 54.00, 53.13, 27.41, 20.52, 14.63. 

HR-MS (MALDI-TOF): m/z calc. for C77H81BCl4F2N4O16: 1506.4463 [M+]; found: 
1531.3038 [MNa+]. 
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6.5. Results and Discussion 

The following sections of this chapter include, the synthesis of the fluoroionophores as well 

as pretests for the development of a suitable sensor materials. The investigations give an 

impression how charged indicators behave in solutions and matrices. The following 

sections may be essential for any future development of calcium-based indicator sensors.  

6.5.1. Synthesis of fluoroionophore esters 

The synthesis of the receptors PIDA, and APTRA was performed according to the 

literature.64,224,225 Two novel BODIPY cores were synthesized starting with the chlorination 

of 6-hydroxy-1-tetralone, to yield mono- and disubstituted-intermediates (compound 9 

and 10 in the supporting information). Both tetralone intermediates were further modified 

using 1-bromo-2-(2-methoxyethoxy)ethane, to yield tetralones with a improved 

hydrophilicity (compound 11 and 12). The synthesis of the corresponding pyrroles was 

similar to Müller et. al.117 Classical BODIPY synthesis yields in fluoroionophores FI4-

ester and FI5-ester. The synthesized compounds reveal higher hydrophilicity, which 

should prevent aggregation in hydrogel matrices. Additionally, it should preferably 

provide better complexation of calcium ions within the polymer matrix. In general, the 

synthesis of the FI-esters was significantly more challenging than crown-ether based 

fluoroionophores. Deprotection and destruction of the receptor-precursors often occurred 

during BODIPY synthesis, and purification of the indicators was tricky and time 

consuming. A lot of documentation and several TLC plates were necessary to obtain 

purified FI-esters (Figure 6-4). A detailed description of the purification as well as all 

NMR and HR-MS (Maldi-TOF) are given in the supporting information and in the 

experimental section.   
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Figure 6-4: Overview of the synthesized fluoroionophores in their protected ethyl ester form (FI-ester), before 
saponification. 

 

Saponification of fluoroionophore esters 

Saponification experiments were carried by varying the amount of NaOH and the ratio 

between ethanol and water. It was found that saponification worked best at an ethanol 

content higher than 80% and 3 eq. NaOH per ester group, which needs to be deprotected. 

By heating the solutions to 50 °C, deprotection of all indicators was achieved within 

24 hours. It is important to note that the final products get stuck on the TLC plate after 

deprotection (Figure 6-5 a). Therefore, purification via column chromatography is not 

an option. Because of that reason, purification got way harder. After the completion of the 

reaction the ethanol was evaporated, and the residue was dissolved in ultra-pure water. 

The solution was further treated with DCM to extract any protected starting compounds 

from the aqueous phase. The colored, aqueous solution was neutralized with 1 M HCl to 
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pH 7 whereas the fluoroionophore precipitated, was filtered and washed with ultra-pure 

water. With this step, excess of NaOH used for deprotection was eliminated. The aqueous 

phase was removed via lyophilization. The product was weighted and the amount of NaOH 

calculated needed to get the sodium salt again. Therefore, the residue was dissolved in 

equimolar NaOH added and stirred for at least five days. For calibrations the product was 

again dried via lyophilization. NMR experiments were not successful. The NMR-samples 

in D2O visually appeared to be suitable, but no meaningful NMR spectrum was obtained 

(Figure 6-5 c). A possible explanation is aggregation of the fluoroionophores in water at 

high concentration necessary for the NMR measurements. Since they have a hydrophobic 

and a highly hydrophilic (charged moieties) character, aggregation phenomena take place, 

making any pulses in NMR experiments useless. The solubility of the fluoroionophores in 

deuterated ethanol was to low too obtain proper NMR-spectra. NMR experiments in 

mixtures of D2O and deuterated ethanol might be an option for future experiments. 

 

Figure 6-5: a) TLC of the saponification of FI5-ester to FI5. Uncompleted deprotection is seen after 1 h. After 
23 h only one spot can be seen via TLC. b) Salt-forms of the FIs, dissolved in water. c) Although the FIs are 
soluble in D2O, no peaks were found in 1H-NMR measurements.  
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6.5.2. Properties of fluoroionophore esters 

In Table 6-1 a summary of the properties of the FI-esters is given. Detailed spectra can 

be seen in Figure S 6-1 and Figure S 6-2 in the supporting information. Absorption 

spectra were measured in DCM and THF. FI1-ester reveals the lowest absorption 

maximum at 560 nm (DCM), whereas the FI4-ester shows the highest absorption 

maximum at 647 nm in the electromagnetic spectrum. In general, with the increasing 

extension of the aromatic system and the rigidity of the dye moiety, the larger 

bathochromic shift in the absorption of the corresponding dye is observed. Furthermore, 

by comparing FI2-ester and FI3-ester it can be seen that they have the same dye 

structure, but the absorption of FI3-ester is 6 nm bathochromically shifted. This effect 

comes from the additional side group, which has an electron-donating character, on the 

phenyl ring. The side group additionally hinders the phenyl ring in the rotation and 

vibration, resulting in an even more rigid system. Except for FI1-ester, all indicators 

reveal a high molar absorption coefficient above 120 000 M-1*cm-1. BODIPY dyes are 

known for their sharp and narrow excitation and emission spectra229, which can be seen 

by comparing the Stokes shift listed in Fehler! Ungültiger Eigenverweis auf Textmarke.. 

FI1-ester reveals a shift of 49 nm, which is way higher than the others. The large Stokes 

shift is attributed to the possible rotation of the phenyl rings.  This rotation also causes 

broadening of the spectrum and significantly smaller molar absorption coefficients in 

maximum. 

FI 2 to 5-ester can be excited using red or blue (albeit less efficiently) light and emit in 

the red region of the electromagnetic spectrum. FI4-ester shows the longest emission 

maximum of 682 nm, in the spectrum (DCM + drop TFA). Note that upon protonation of 

the nitrogen in the receptor, a bathochromic shift of the excitation (10-18 nm) is observed 

(compare absorption spectrum in DCM and excitation in DCM + drop TFA, Fehler! 

Ungültiger Eigenverweis auf Textmarke.). The introduction of additional chlorine atoms 

does not necessarily cause a bathochromic shift, whereas PET is in general enhanced with 

the introduction of chlorine atoms.117 This theory was proven by the synthesis of an 

indicator shown in Figure S 6-3. It is a potassium indicator with a similar BODIPY core. 

This indicator lacks  chlorine groups at the dye moiety, and still emits at 676 nm (hydrogel 

D1). The enhancement factor (PET efficiency) for this fluoroionophore is relatively low, if 

compared to others (Chapter 3).  
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Table 6-1: Spectral properties of the fluoroionophore precursors, FI-esters. 

Property FI1-ester FI2-ester FI3-ester FI4-ester FI5-ester 

Absorption maximum 

[nm] (DCM) 
560 628 634 647 637 

Absorption maximum 

[nm] (THF) 

566 626 629 644 633 

Molar decadic absorption 

coefficient [ε] 

[M-1*cm-1] (THF) 

54 600 125 900 122 800 151 600 154 400 

Excitation maximum 

[nm] (DCM + drop TFA) 
578 643 647 662 645 

Emission maximum 

[nm] (DCM + drop TFA) 
627 662 667 682 660 

Stokes shift  

[nm] 

49 19 20 20 15 

 

6.5.3. pH calibrations in solution 

For the synthesized fluoroionophores, pH calibrations were performed in order to evaluate 

their pKa value. Therefore, a 40 mM universal buffer (5 mM Tris, 5 mM BIS-TRIS, 5 mM 

CAPS and 5 mM citrate) was used and the pH was adjusted using 1 M HCl. The measured 

solutions contained an ethanol/buffer composition of a 1+1 ratio. Absorptions of the 

fluoroionophores were adjusted to 0.05. In Figure 6-6 the emission intensities of the 

measurements are plotted, whereas the solutions were measured instantly after 

preparation, and after one day storage.   

FI1 and FI2 showed an intensity increase starting at pH 3 to lower pH values. A plateau 

for those indicators at pH 1 was not reached, hence no pKa value was determined. 

Nevertheless, FI1 and FI2 according to the pH calibrations are applicable for the usage in 

seawater and blood analysis, considering the physiological pH-range. After one day 

storage, similar results are achieved, hence assuming stable calibration solutions in this 



6. Calcium Fluoroionophores 

 

150                                                               Synthesis of Fluoroionophores and its Application for Optical Sensors 

ethanol composition. The other fluoroionophores show some ambiguities for the pH 

calibrations. For FI3 and FI4, it is unclear why the fluorescence is continuously 

increasing, starting from pH 8 to 3.5. Typically, receptors having a nitrogen atom as a PET 

group on the phenyl ring, reveal pKa value ranging around 3.2.116,117 Phenylacetic acid 

typically has a pKa of 4.3.230 Similar literature pKa values do not explain why the indicators 

FI3 and FI4 are already fluorescent. Nevertheless, the ortho positioned acid on the 

receptor might describe the strange behavior in the pH range 3-4. The pKa of methoxy 

acetic acid is 3.6.231 and for o-anisidine the pKa value is 4.4, hence some zwitterionic 

structure may be involved. The o-positioned substituent is flexible to be in proximity of N 

and form a kind of zwitter-ion. That means at high pH all acids are protonated, whereas at 

a certain pH value the nitrogen gets protonated, probably from the o-positioned acid, 

forming a zwitter-ion. Furthermore, below pH 3.6 some solubility problems with the 

receptor occur, since intensities drop again. Future experiments should include 

investigations via absorption spectra. FI5 showed promising results, if measured instantly 

after preparation, but after 24 hours the indicator shows an increased fluorescence at 

higher pH values. The measurement solutions were stored overnight in a vial and were 

transferred back into a cuvette; hence fluorescence increase due to slight impurities of 

calcium may be possible. Since the indicator’s sensitivity (FI5) is in the µM range, this 

theory sounds feasible. What remains a mystery is that the emission intensities seem to 

decrease form pH 8 to 4.5. If there is a contamination derived from the vials it should be 

the same for every pH vial, resulting in the similar enhancement factors.  
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Figure 6-6: pH dependency of the fluorescence intensity in EtOH + universal buffer 1+1 for FI1-5. The solutions 
were measured instantly after preparation and after one day storage. FI 3 and 4 do not show a clear pH-
dependency between pH 1 to 9.5. FI5 shows an increased fluorescence intensity after one day, more 
pronounced at higher pH values. 
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6.5.4. Behavior of fluoroionophores in solution 

 

Since pH calibration did not result in clear tendencies, the behavior of the 

fluoroionophores in solutions with different ethanol content was investigated. The FI was 

dissolved in ethanol and 100 µL were pipetted in a vial. For obtaining different ratios of 

ethanol to water, x µL ethanol and y µL buffer (20 mM HEPES) were added resulting in a 

1 mL solution. Figure 6-7 shows the behavior of FI2 in solution with varying ethanol 

content. Interestingly, PET works best in 100% ethanol and is lower when water is added 

(red fluorescence visible without Ca2+, Figure 6-7).  

These results are quite remarkable because normally the PET is enhanced in aqueous 

solutions. From a certain water content (about 60%) the emission is very week even in 

presence of Ca2+ that may indicate aggregation of the dye (featuring a hydrophobic 

chromophore core) in mostly aqueous solution. 

 

Figure 6-7: Fluorescence intensity for FI2 upon illumination with UV light for different ethanolic compositions, 
with and without calcium. With increasing amount of ethanol, the PET is more pronounced. (aqueous buffer: 20 
mM HEPES; pH 7.4). At high water content the dye is virtually non-fluorescent even in presence of Ca2+ that may 
be due to aggregation. 

The same experiment was performed by recording the fluorescence emission of all 

indicators. Therefore, the absorption of the solution was adjusted to 0.05 for all solutions 

to reduce the probability of aggregation formation in the solutions. In Figure 6-8 the plots 

for the FIs are shown. By plotting the intensity versus the amount of ethanol percentage 

it can be easily seen how the indicator behaves in the different solutions. Again, none of 

them really worked at low ethanolic compositions, that may be caused by aggregation of 

the dyes, and only FI2 and FI5 showed promising results at higher ethanol content.  

Since the most irritating result was that the PET is not working in more aqueous media, 

different buffers were tested. In  Figure 6-9, 20 mM TRIS, HEPES and MOPS in 20% 
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ethanol was tested in order to figure out if any buffer substance has an influence on the 

ON-OFF system, disturbing the PET. As can be seen from the figures, the 20% ethanolic 

solution shows for all buffer systems unexpected results under the UV-illumination. FI1, 

FI3 and FI4 showed highest fluorescence in all the buffers in the absence of Ca2+ and no 

visible red fluorescence in presence of the ion. This is in contrast to the behavior described 

in literature where  the fluorescence of the fluoroionophores was enchanced upon 

complexation of calcium.64,123,225  

FI2 showed no red fluorescence at all and for FI5 the reddish fluorescence was extremely 

weak and again observed only in the absence of Ca2+. As can be seen from the figure, after 

two days in nearly all of the vials having added Ca2+, the FI precipitated, indicating an 

unstable solution composition. It can be concluded that in solutions containing very little 

ethanol the complexed form appears to form non-fluorescent aggregates directly after 

addition of Ca2+ and even almost completely precipitates from the solutions during 

storage. In contrast, the uncomplexed form shows better solubility and is fluorescent in 

case of several fluoroionophores. The overlap of the effect of dye aggregation with the 
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fluorescence modulation via PET effect does not allow to observe the expected behavior 

(fluorescence enhancement in presence of Ca2+) in these conditions.  

 

 

Figure 6-8: Fluorescence intensity for FI 1-5 in different ethanolic compositions, with and without 20 mM 
calcium. With increased amount of ethanol, the PET is in general more pronounced. Aqueous buffer contained 
20 mM HEPES; pH 7.4. Ca2+ concentration was adjusted to be 20 mM for each calibration solution.  
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Figure 6-9: Fluorescence pretests for the fluoroionophores via illumination with a UV-lamp. Solutions contained 
20% ethanol and different buffers (TRIS, HEPES, MOPS) to investigate any influences of the derived from the sort 
of buffer used. After 2 days, solutions were screened again. In most cases the FI precipitates in the solution, 
indicating an unstable solution composition. 

 

Since all buffered solutions did not result in clear tendencies, short pretests were 

performed with FI2 and FI5 in ethanol + ultra-pure water; 1+1, without adjusting the pH. 

From Figure 6-10 it can be seen that the indicator FI5 shows a good sensitivity increase 

at 20 mM calcium on the first day. After 3 days the solution was measured again, and the 

solution was transferred again in a cuvette. The 0 mM calcium intensity drastically 
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increased, which might come from some contamination of calcium in the cuvette, although 

the cuvette was washed beforehand. The BAPTA indicator shows such high sensitivity in 

the µM range that any contamination at low volumes (1 mL) can have a huge effect. Even 

small crumps from the ceiling after opening the vials, which are probably not recognized 

by the human eye may have an effect. Another explanation might be impurities in the glass. 

Windows and bottles sometimes contain calcium impurities, which might describe the 

above-mentioned behavior. FI2 supports the theory of the contamination derived from 

glass, since the receptor is less sensitive and small extractions of Ca2+ do not have any 

effect. For the o mM solution, similar intensities were measured after 3 days, whereas the 

20 mM calcium solution drops 30% without showing any signs of aggregation in the 

emission spectrum. Since the FIs previously precipitated there might be the possibility 

that the indicator also partly present in almost non-fluorescent aggregated form that does 

not contribute to the emission spectrum.  

 

Figure 6-10: Fluorescence spectra of FI5 and FI2 in EtOH + ultra-pure water 1+1, with and without 20 mM calcium. 
The solutions were measured directly after preparation and after 3 days storage. FI5 shows an increased 
fluorescence after 3 days storage. FI2 shows a decreased fluorescence after 3 days for 20 mM Ca2+, without any 
signs of aggregation visible in the fluorescence spectrum.  

Since the indicators revealed a better PET in ethanol (pretest with the UV-lamp), solutions 

containing 90% ethanol in ultra-pure water were prepared and absorption and emission 

spectra were recorded. After 1 h both indicators, FI1 and FI3 showed aggregation 

phenomena (Figure 6-11 a and b). FI1 shows a broad emission aggregation peak at 

around 750 nm, whereas FI3 a sharp aggregation peak at 800 nm. In this case, it is 

difficult to evaluate which type of aggregation is predominant. Typically, J-aggregates 

(“head-to-tail” alignment) possess very narrow, bathochromically shifted absorption and 

emission spectra, with an increased molar absorption coefficient. H-aggregates (“side-by-

side” alignment) reveal a larger bathochromic shift in the spectrum.232–234 Since FI1 
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reveals a very broad absorption spectrum due to the rotating phenyl groups, it is difficult 

to evaluate which type of aggregation predominant, whereas the emission of the 

aggregation peak is not drastically shifted, hence J-aggregation might be favored. The 

emission peak (max = 744 nm) is narrow that also indicates presence of J-aggregated 

species. FI3 seems to be a special case, because absorption in the red part of the spectrum 

disappears and instead it appears in the NIR part of the spectrum. A new emission peak at 

about 800 nm appears that is strongly bathochrmically shifted compared to the emission 

from the monomertic species that also can be detected (Figure 6-11 b). Such spectral 

shifts are characteristic for formation of J-aggregates. In order to develop a reversible and 

stable sensing system for calcium ions, it is highly recommended to further investigate the 

behavior of calcium fluorophores in solutions. If the characteristics of such indicators in 

solution is known, the development of calcium sensors might be easier and more effective. 

 

Figure 6-11: a) Absorption and emission spectrum of FI1 in EtOH + ultra-pure water 9+1. The indicator shows 
aggregation phenomena indicated in both spectra. b) Absorption and emission spectrum of FI3 in EtOH + ultra-
pure water 9+1. The indicator shows formation of J-aggregates with a distinct emission band at 808 nm. c) 
Fluorescence emission of FI3 in a mixture of THF+EDTA (0.01 mM) + buffer (20 mM HEPES; pH 7.4) 9+1+1; without 
and with 0.906 mM calcium. d) calibration of FI3 from 0 to 60 µM calcium. Fluorescence intensities start to 
increase at 10 µM calcium. 
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Since experiments so far did not result in clear tendencies, investigations in THF with the 

FI3 were made in solution. Additionally, the solutions contained a total EDTA 

concentration of 0.01 M to ensure an absolute PET-ON-state. In Figure 6-11 (c and d) 

the emission spectra and the corresponding calibration is shown. The emission spectra did 

not reveal aggregation formation anymore. Moreover, as expected emission enhancement 

upon addition of Ca2+ was observed. The enhancement factor between 0 and 0.906 mM 

calcium was around 14, indicating a high sensitivity towards calcium. Calibrations in the 

µM range revealed sensitivity between 10 and 40 µM calcium. For the first time, we were 

able to measure calcium in a stable solution composition. Although, because of the 

presence of EDTA some of the calcium used in the calibration solution gets complexed, it 

was managed to obtain a stable system. A possible calibration setup might be to adjust the 

amount of EDTA to a certain point were the emission is not changed anymore, to obtain a 

solution completely in its off state, ready for calibrations. 

6.5.5. Calibrations in hydrogels 

Calibrations in hydrogel D7 were also performed. Since the indicators showed unstable 

behavior with increasing water amount and D7 has a water uptake of 30% this polymer 

seemed to be the best applicable matrix. In Figure 6-12, calibrations are shown using a 

flow through cell, enabling time resolved intensity measurements. Figure 6-12 shows a 

calibration using a very high calcium concentration of 200 mM and a 0.1 M EDTA solution, 

which was permanently pumped through the cell to achieve stable plateaus. Figure 

6-12 b shows a calibration of the sensor foil in the µM range. At 3 µM calcium the indicator 

has not reached a plateau, and at higher concentrations no distinct intensity changes for 

different calcium concentrations were measured. Nevertheless, via pumping an EDTA 

solution through the cell the fluoroionophore was decomplexed again, indicating a host-

guest interaction within the sensing layer. Further research will be needed to develop a 

reliable and reversible sensing system. Several influences and factors are yet unknown and 

need to be investigated in the future. A future prospect about calcium fluoroionophores is 

given in the outlook of this chapter. 
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Figure 6-12: Calibration of a sensor foil containing 0.2 w% FI3 in hydrogel D7. The sensor shows a fluorescence 
increase with increased calcium concentration. (left) The sensor does not show any difference by variation of 
the calcium concentration. (right) 

6.6. Conclusion 

Here, five new calcium fluoroionophores were successfully synthesized in their protected 

ester forms. The photophysical properties of FI-esters were characterized. Two new 

BODIPY dyes were designed to have an increased hydrophilicity, with molar absorption 

coefficients above 150 000 M-1*cm-1. Except FI1-ester all dyes emit in the red part of the 

electromagnetic spectrum. Saponification of the FI-esters was carried out in NaOH, 

resulting in the corresponding sodium salts of the fluoroionophores. The behavior of the 

fluoroionophores was studied in respect to their dependency of pH and the amount of 

organic solvent used. In general, the FI showed better PET in organic solvent 

compositions, whereas at 100% H2O no intensity changes were detected which however 

may be due to aggregation of the dyes in these conditions. The prepared solutions turned 

to be unstable and precipitation was observed after two days of storage in 20% ethanolic 

solution. FI1 and FI3 revealed aggregation phenomena in a 90% ethanolic solution 

showing spectral properties typical for J-aggregates. The usage of THF for the calibrations 

was successful with no aggregates visible. By additionally using EDTA, the 

fluoroionophores were fully “switched off”, preventing any contamination of calcium for 

the 0 mM emission value. The first pretests of FI3 in hydrogel D7 with the use of EDTA 

solution were successful. The sensor foil showed good reversibility, representing a 

promising starting point for future development. 
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6.7. Outlook 

This project gives a starting point for future calcium sensor development. Some of the 

measurements performed in solution and in hydrogels offer contradictory results and 

further research is necessary in order to obtain a reliable detection and sensing system. 

Since the handling of charged fluoroionophores is by far one of the most difficult 

disciplines, following outlook provides some general thoughts about future considerations 

for calcium fluoroionophores used as sensors. 

The saponification itself seemed to work quite good with NaOH. Nevertheless, workup of 

fluoroionophores requires enormous effort. A simpler way of deprotection or workup 

would result in a time-consuming process. Pretests with esterase’s for deprotection and/or 

the usage of ion exchangers for purification might be a good starting point. Although 

FI-esters were fully characterized via NMR and HR-MS, analysis of deprotected FI-esters 

was unsuccessful. In general, it would be practicable to characterize the final products to 

ensure full deprotection as well as any side products formed during saponification, 

although the possibility for any other reaction is quite low. Therefore, investigations 

developing a characterization technique is recommended, not just for synthesis control, 

also with regard to an easier acceptance of a publication.  

Calibrations in THF/buffer with EDTA worked for FI3 and showed promising results. Still 

those experiments are the starting point of the project and the amount of EDTA used in 

this calibration was not yet optimal. Because most of the indicators show a sensitivity in 

the µM range, a sophisticated calibration strategy is needed. A possible calibration 

technique would be to prepare a stock solution of FI and titrate this solution with EDTA 

until the fluorescence emission remains unchanged. The titrated solution can be used for 

calibrations without any influence by EDTA, since traces of calcium within the solution are 

already bound by EDTA. 

For calibrations in hydrogels covalent coupling of the indicator onto polymers might be an 

option. Since charged FIs sometimes showed aggregation phenomena, direct coupling 

technique could prevent any kind of aggregations. He et al.64 coupled a PIDA 

fluoroionophore on aminocellulose via NHS/DDC coupling and reversibly measured 

calcium on a sensor disk, using a mixture of hydrogel D4 and the synthesized amino-

cellulose fibres. Staudinger et al.235 cross-linked aza-BODIPY dyes on hydrogels based on 

poly(acryloylmorpholine) polymers and with the use of borontrichloride (BCl3) they 
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managed covalent coupling to the boron center of the an aza-BODIPY dye  via an B-O 

linkage. Investigations showed that this technique also works for BODIPY dyes and with 

any polymer having terminal hydroxy groups. In Figure 6-13 a K+ fluoroionophore was 

coupled on cellulose acetate propionate (CAP) with 4% terminal hydroxy groups. The 

exchange of the fluorine groups of the boron center was performed under inert conditions 

with BCl3. With the addition of CAP under basic conditions covalent coupling of the dye 

moiety on the polymer was achieved. The CAP can be hydrolyzed under basic conditions, 

resulting in a water-insoluble cellulose polymer. Figure 6-13 b shows a 24 h-hydrolyzed 

foil which shows sensor response and a clear difference to an unhydrolyzed foil. 

Additionally, Figure 6-13 c shows that by varying the hydrolyzation times different 

sensing dynamics are achieved.  

This technique seems to be one of the most promising solutions for calcium sensors, not 

just for minimizing aggregation phenomena, also sensitivities and sensing dynamics can 

be controlled by adjusting hydrolyzation times. 

 

Figure 6-13: a) Covalent coupling of a K+ sensitive BODIPY fluoroionophore on CAP. b) Calibration of an 24 h 
hydrolyzed (pH 13) CAP-indicator foil and a unhydrolyzed sensor foil, for comparison. c) Effect of hydrolyzation 
times. (pH 13) 
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6.8. Supporting Information 

 

Figure S 6-1: Absorption, Excitation and Emission spectra of FI1-ester, FI2-ester and FI3-ester. 
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Figure S 6-2: Absorption, Excitation and Emission spectra of FI4-ester and FI5-ester. 

 

 

Figure S 6-3: Calibration of a potassium indicator (in hydrogel D1) for comparison of the spectral properties in 
section 6.5.2. 
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6.8.1. NMR and MS data 

 

Figure S 6-4: 1H NMR (300Hz), in CDCl3) of 1. 

 

Figure S 6-5: 13C-APT NMR (76Hz, CDCl3) of 1. 
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Figure S 6-6: 1H NMR (300Hz), in CDCl3) of 2. 

 

Figure S 6-7: 13C-APT NMR (76Hz, CDCl3) of 2. 
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Figure S 6-8: 1H NMR (300Hz), in CDCl3) of 3. 

 

Figure S 6-9: 13C-APT NMR (76Hz, DMSO-d6) of 3. 
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Figure S 6-10: LR-Mass Spectrum of 3 recorded on Advion expression CMS. 

 

 

Figure S 6-11: 1H NMR (300Hz), in CDCl3) of 4. 
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Figure S 6-12: 13C-APT NMR (76Hz, CD2Cl2) of 1. 

 

Figure S 6-13: LR-Mass Spectrum of 4 recorded on Advion expression CMS. 
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Figure S 6-14: 1H NMR (300Hz), in CDCl3) of 5. 

 

Figure S 6-15: 13C-APT NMR (76Hz, CDCl3) of 5. 
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Figure S 6-16: LR-Mass Spectrum of 5 recorded on Advion expression CMS. 

 

Figure S 6-17: 1H NMR (300Hz), in CDCl3) of 6. 
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Figure S 6-18: 13C-APT NMR (76Hz, CDCl3) of 6. 

 

Figure S 6-19: LR-Mass Spectrum of 6 recorded on Advion expression CMS. 
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Figure S 6-20: 1H NMR (300Hz), in CDCl3) of 7. 

 

Figure S 6-21: 13C-APT NMR (76Hz, CDCl3) of 7. 
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Figure S 6-22: LR-Mass Spectrum of 7 recorded on Advion expression CMS. 

 

Figure S 6-23: 1H NMR (300Hz), in CDCl3) of 8. 
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Figure S 6-24: 13C-APT NMR (76Hz, CDCl3) of 8. 

 

 

Figure S 6-25: LR-Mass Spectrum of 8 recorded on Advion expression CMS. 
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Figure S 6-26: 1H NMR (300Hz), in DMSO-d6) of 9. 

 

Figure S 6-27: 13C-APT NMR (76Hz, DMSO-d6) of 9. 
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Figure S 6-28: LR-Mass Spectrum of 9 recorded on Advion expression CMS. 

 

Figure S 6-29: 1H NMR (300Hz), in DMSO-d6) of 10. 
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Figure S 6-30: 13C-APT NMR (76Hz, DMSO-d6) of 10. 

 

 

Figure S 6-31: LR-Mass Spectrum of 10 recorded on Advion expression CMS. 
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Figure S 6-32: 1H NMR (300Hz), in CDCl3) of 11. 

 

Figure S 6-33: 13C-APT NMR (76Hz, CD2Cl2) of 11. 
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Figure S 6-34: LR-Mass Spectrum of 11 recorded on Advion expression CMS. 

 

Figure S 6-35: 1H NMR (300Hz), in CD2Cl2) of 12. 
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Figure S 6-36: 13C-APT NMR (76Hz, CD2Cl2) of 12. 

 

 

Figure S 6-37: LR-Mass Spectrum of 12 recorded on Advion expression CMS. 
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Figure S 6-38: LR-Mass Spectrum of 13 recorded on Advion expression CMS. 

 

 

Figure S 6-39: LR-Mass Spectrum of 14 recorded on Advion expression CMS. 
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Figure S 6-40: 1H NMR (300Hz), in CD2Cl2) of FI1-ester. 

 

Figure S 6-41: 13C-APT NMR (76Hz, CD2Cl2) of FI1-ester. 
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Figure S 6-42: LR-Mass Spectrum of FI1-ester recorded on Advion expression CMS. 



6. Calcium Fluoroionophores 

 

184                                                               Synthesis of Fluoroionophores and its Application for Optical Sensors 

 

Figure S 6-43: Theoretical isotope pattern (top) of C57H60BFN3O6 (FI1-ester - F); Theoretical isotope pattern 
(middle) of C57H60BF2N3O6Na (FI1-ester + Na); Experimental MALDI-TOF-MS of FI1-ester (bottom). 
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Figure S 6-44: Mass relevant theoretical isotope pattern (top) of C57H60BFN3O6 (FI1-ester - F) and theoretical 
isotope pattern (middle) of C57H60BF2N3O6Na (FI1-ester + Na); Experimental mass relevant range (MALDI-TOF-
MS) of FI1-ester (bottom). 
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Figure S 6-45: 1H NMR (300Hz), in CD2Cl2) of FI2-ester. 

 

Figure S 6-46: 13C-APT NMR (76Hz, CD2Cl2) of FI2-ester. 
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Figure S 6-47: LR-Mass Spectrum of FI2-ester recorded on Advion expression CMS. 
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Figure S 6-48: Theoretical isotope pattern (upper part) of C53H46BCl2FN3O6 (FI2-ester - F), C53H46BCl2F2N3O6H 
(FI2-ester + H), C53H46BCl2F2N3O6 (FI2-ester). Experimental MALDI-TOF-MS of FI2-ester (bottom). 
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Figure S 6-49: Mass relevant theoretical isotope pattern (upper part) of C53H46BCl2FN3O6 (FI2-ester - F), 
C53H46BCl2F2N3O6H (FI2-ester + H), C53H46BCl2F2N3O6 (FI2-ester). Experimental mass relevant range (MALDI-TOF-
MS) of FI2-ester (bottom). 
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Figure S 6-50: 1H NMR (300Hz), in CD2Cl2) of FI3-ester. 

 

Figure S 6-51: 13C-APT NMR (76Hz, CD2Cl2) of FI3-ester. 
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Figure S 6-52: LR-Mass Spectrum of FI3-ester recorded on Advion expression CMS. 
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Figure S 6-53: Theoretical isotope pattern (upper part) of C53H44BCl2FN3O7 (FI3-ester - F), C53H44BCl2F2N3O7 (FI3-
ester), C53H44BCl2F2N3O7Na (FI3-ester + Na). Experimental MALDI-TOF-MS of FI3-ester (bottom). 
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Figure S 6-54: Mass relevant theoretical isotope pattern (upper part) of C53H44BCl2FN3O7 (FI3-ester - F), 
C53H44BCl2F2N3O7 (FI3-ester), C53H44BCl2F2N3O7Na (FI3-ester + Na). Experimental mass relevant range (MALDI-
TOF-MS) of FI3-ester (bottom). 
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Figure S 6-55: 1H NMR (300Hz), in CD2Cl2) of FI4-ester. 

 

Figure S 6-56: 13C-APT NMR (76Hz, CD2Cl2) of FI4-ester. 
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Figure S 6-57: Theoretical isotope pattern (upper part) of C65H68BCl4FN3O13 (FI4-ester - F), C65H68BCl4F2N3O13Na 
(FI4-ester + Na). Experimental MALDI-TOF-MS of FI4-ester (bottom). 
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Figure S 6-58: Mass relevant theoretical isotope pattern (upper part) of C65H68BCl4FN3O13 (FI4-ester - F), 
C65H68BCl4F2N3O13Na (FI4-ester + Na). Experimental mass relevant range (MALDI-TOF-MS) of FI4-ester (bottom). 
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Figure S 6-59: 1H NMR (300Hz), in CD2Cl2) of FI5-ester. 

 

Figure S 6-60: 13C-APT NMR (76Hz, CD2Cl2) of FI5-ester. 
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Figure S 6-61: : Theoretical isotope pattern (upper part) of C77H81BCl4F2N4O16 (FI5-ester), C77H81BCl4F2N4O16Na 
(FI5-ester + Na). Experimental MALDI-TOF-MS of FI5-ester (bottom). 
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Figure S 6-62: Mass relevant theoretical isotope pattern (upper part) of C77H81BCl4F2N4O16 (FI5-ester), 
C77H81BCl4F2N4O16Na (FI5-ester + Na). Experimental mass relevant range (MALDI-TOF-MS) of FI5-ester (bottom). 
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7. Summary and conclusion 

This thesis shows the high potential of optical ion sensors and its technology for 

measurements of cation-based analytes. Several sensing concepts in different sensing 

materials were developed, which enabled the measurement of Ca2+, K+, Na+, dissolved NH3 

and substituted amines.  The straight forward synthesis of fluoroionophores enabled the 

development of various fluorescent indicator dyes, whereas the spectral properties can be 

easily tuned. The indicators consisted of a phenyl-aza-receptor and a highly photostable 

BODIPY dye. This concept enabled the fabrication of sensors based on fluoroionophores, 

which change their fluorescence intensity through analyte interactions, due to the photo-

induced electron transfer (PET). Immobilization of the indicators in water swellable 

polymers lead to time-resolved measurements, capable determining ionic species in 

aqueous solutions. 

The effects of polymer nature on the sensing characteristics like stability, sensitivity, 

fluorescence brightness and response time was investigated. It was shown that the nature 

of polymers can have a huge impact on the sensing properties. This research builds a 

foundation for future sensor improvements.  

A highly sophisticated novel sensing strategy for amines using a NH4
+-selective 

fluoroionophore, fluorescein and a phosphor-reference is presented. The combination of 

both indicators enabled the quantification of NH3 and the determination of substituted 

amines.  

The necessities of measurements and different testings for an application of 

fluoroionophores for whole blood sensors is presented. The challenges for the 

implementation of such sensors for a diagnostic application is shown. An improved DLR 

sensing system using fluoroionophores and phosphorescent pigments was developed. This 

research differentiates from the rest of the thesis, since it shows all other relevant 

specifications and testings typically not performed in classical sensor development. 

Five novel calcium indicators using BODIPY fluorophores were synthesized and their 

photophysical properties were characterized. The center of attention of this work was 

tackling the challenges of the behavior of charged fluoroionophores in solvents for Ca2+ 

sensing.  
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